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(57) An optical medium of liquid crystal mixed with 
a polymer precursor is arranged between a pair of glass 
substrates 1 202, and heated to for example about 50 C 
to 70 C and exposed for about 5min by interference 
fringes using laser light of about 515nm wavelength 
from, for example, an Ar laser. When the exposure be- 
gins (first stage), the polymer precursor begins to cure, 
and, as shown in Fig. 10(a), polymer columns 1203 are 
formed in a periodic arrangement. When the exposure 
is continued (second stage) liquid crystal polymers that 
have accumulated in the dark portions align themselves 
macroscopically in a direction that is perpendicular with 
respect to the walls of the cured polymer columns 1 203, 
as shown in Fig. 10(b). The obtained diffractive optical 
element has high polarization selectivity and diffraction 
efficiency, and using such a diffractive optical element, 
it is possible to devise polarized illumination systems 
and image display systems that can display bright im- 
ages with high contrast. 
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Description 

TECHNICAL FIELD 

[0001] The present invention relates to polarized illu- 
mination systems emitting light-source light with aligned 
polarization and image display systems using such po- 
larized illumination systems. These image display sys- 
tems can be used among others for portable information 
terminal devices, head-up displays for on-board use or 
personal use, projection-type display systems, image 
display monitors, traffic signs, and information displays. 
[0002] The present invention relates also to methods 
for manufacturing such polarized illumination systems 
and image display systems, to diffractive optical ele- 
ments used in these devices or in optical information 
processing devices for optical recording and reading of 
information, as well as to methods for manufacturing 
such diffractive optical elements. 

BACKGROUND ART 

[0003] Image display systems using liquid crystal dis- 
play elements are thin and light, and in recent years, 
due to higher capacities as well as higher definitions at- 
tained by the introduction of TFT elements, they are 
widely used in monitors of notebook-type personal com- 
puters and portable information terminals. Furthermore, 
due to improvements in resolution and brilliance, a large 
market is also expected for projection -type display sys- 
tems using a small liquid crystal display element of only 
about one inch size as a light valve and projecting the 
attained picture through a magnified projection system 
onto a large screen. In particular in systems with reflec- 
tion-type light valves, the effective pixel area can be in- 
creased by forming a pattern of TFT elements on the 
rear side of a reflective electrode, thus increasing the 
light efficiency even while making the pixel size smaller 
at higher resolutions, so that these elements have 
drawn attention as elements that are suited to increase 
the resolution even further. 

[0004] Such liquid crystal display elements display 
images by polarization modulation, changing the polar- 
ization of incident light by controlling the voltage that is 
applied to each pixel. That is to say, with a liquid crystal 
layer made of a twisted nematic liquid crystal, for exam- 
ple, pixels to which an electric field is applied emit inci- 
dent light beams without changing their polarization, 
whereas pixels to which no electric field is applied emit 
incident light beams twisting their polarization by about 
90°. If , for example, light of a predetermined polarization 
from a polarizer or a polarizing beam splitter is incident 
on the pixels, and after being transmitted through the 
liquid crystal layer is again incident on a polarizer, then 
the light of the pixels to which an electric field was ap- 
plied simply passes through the polarizer, whereas the 
light of the pixels to which no electric field was applied 
is absorbed by the polarizer, because its polarization 



has been rotated by 90°. Therefore, each pixel can be 
controlled to be dark or bright, and an image can be dis- 
played. 

[0005] However, when a polarizer or a polarizing 
5 beam splitter is used to produce light with a predeter- 
mined polarization, then the light of other polarization 
directions is not utilized for the display, so that it is not 
possible to make the light efficiency higher than 50%, 
and it is difficult to display a bright image. It is particularly 
10 difficult to achieve a bright projection image with a pro- 
jection-type display system that can be perceived with- 
out darkening the room interior. 

[0006] For the case of a projection-type display sys- 
tem, for example, it has been suggested to take a po- 

15 larization conversion element for converting those light 
beams from a light source that have a certain polariza- 
tion direction into light beams of the other polarization 
direction, and use it for a polarized illumination device 
that irradiates light-source light onto a liquid crystal dis- 

20 play element. More specifically, for example JP 
H07-294906A discloses a polarization conversion ele- 
ment, in which a lens plate is combined with prisms that 
have the function of polarizing beam splitters provided 
with a dielectric multilayer film (polarization separation 

25 film). Fig. 34 shows an outline of this configuration. Ac- 
cording to this configuration, light-waves entering a lens 
plate 9901 provided with an array of lenses are constrict- 
ed and incident on a row of alternating prisms 9902. 
These prisms 9902 are provided with a dielectric multi- 

30 layer film, and while P-waves 9905 simply pass through 
them, S-waves 9904 are reflected by the prisms and en- 
ter the adjacent prisms, where they are reflected again, 
and emitted as P-waves after rotating their polarization 
by 90° with phase-retardation plates 9903 (such as A/ 

35 2-plates). That is to say, it is possible to attain a light 
beam whose width is substantially the same as that of 
the incident light beam, and whose polarization is 
aligned. Here, when there are many of such polarization 
conversion elements, they are used in combination with 

40 an integrator for increasing the uniformity of the light- 
source light JP H03-11180A and JP H05-346557A for 
example disclose an integrator using two lens plates. In 
principle, such an integrator is the same as used in an 
exposure device, in which coflimated light beams are 

45 partitioned by a plurality of rectangular lenses, forming 
an overlapping image of the rectangular iens images on 
the liquid crystal light valve with relay lenses in 1-to-1 
correspondence with the rectangular lenses. 
[0007] However, with such a polarization conversion 

50 element, the prisms are cubes filled with a liquid or a 
solid in order to match the refractive index with the die- 
lectric multilayer film, for example, and the dielectric 
multilayer films are arranged at angles of 45° in order to 
bend the propagation direction by 90°. Therefore, the 

55 dimension in the thickness direction is determined by 
the thickness of the dielectric multilayer films constitut- 
ing the prisms, and it is difficult to configure thin, small 
elements. Moreover, in order to increase the polariza- 
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tion separation, it is necessary to layer several dielectric 
multilayer films on top of one another, which leads to an 
increase in manufacturing costs. 
[0008] When such an integrator and a polarization 
conversion element are combined, and the alignment of 5 
the lenses of the integrator and the prisms of the polar- 
ization conversion element is not exact, the polarization 
conversion efficiency drops, so that it is necessary to 
align their positions precisely, which, again, leads to an 
increase in manufacturing costs. If the lenses constitute w 
ing the integrator are made small and their number is 
increased in order to further improve the uniformity of 
the irradiation light or if the size of the lenses is changed 
for various regions in order to improve the light efficiency 
as disclosed in JP H05-346557A, then it is also neces- 15 
sary to make the prisms of the polarization conversion 
element accordingly smaller, or to change their size for 
the various regions, but it is very difficult to form a large 
number of prisms in mm-orderwith high uniformity, and 
to align their position is even more difficult. 20 
[0009] The following is an explanation of a polarizing 
beam splitter used for the separation of two polarized 
light beams (P-polarized and S-polarized) in a polariza- 
tion conversion element as described above. 
[0010] Polarizing beam splitters are formed by layer- 25 
ing two films with different refractive indices, such as 
MgF 2 (refractive index: 1 .39) and Ti0 2 (refractive index: 
2.30) in alternation between surfaces of transparent ex- 
ternal media or a pair of external media. With such a 
polarizing beam splitter, the polarized light is separated 30 
according to the following principle. When P-polarized 
light is incident on such a multilayer film at the so-called 
Brewster angle, then it is not reflected at all at the bound- 
ary faces, and is transmitted 100%. For S-polarized 
light, on the other hand, when the thickness of the layers 35 
of the multilayer film is optimized, the fight that is reflect- 
ed at the boundary faces between the layers is rein- 
forced due to optical interference effects, and as a re- 
sult, the intensity of the reflected S-polarized light is in- 
creased for the entire multilayer film. 40 
[0011] In order to achieve a bright image display in 
projection display systems, optical systems with a small 
F-number (focal length / lens diameter) are used so as 
to take in more of the light from the light source. But 
when the maximum angle 0 defined by the optical axis 45 
and the light beam incident on the polarizing beam split- 
ter is expressed as 

9 = tan' 1 (1/2F), 50 

then this angle 6 becomes about 9.5° when using for 
example a lens with F = 3.0. When the light beam varies 
so much from the optical axis, then the film thickness of 
the multilayer film does not have the optimum value an- 55 
ymore, so that the polarization selectivity decreases, re- 
ducing the contrast of the displayed image and dimin- 
ishing the brightness instead. More specifically, the S- 



waves, for example, that are incident on the light valve 
are reflected as S-waves by the black portions of the 
display image, reflected again by the polarizing beam 
splitter and not entering the optical projection system 
should be displayed as black on the screen, but S- 
waves whose direction strays too far from the optical ax- 
is do not become completely zero and a transmitted 
component remains, so that light reaches the portions 
that actually should be displayed as black, and the offset 
for black is increased (diminishing the contrast). 
[0012] That is to say, in image display systems using 
conventional polarizing beam splitters, the polarizing 
beam splitters do not have a high polarization selectivity 
with respect to light beams whose direction strays from 
the optical axis, so that there is the problem that it is 
difficult to increase the brightness and the contrast of 
the displayed image. 

[0013] Furthermore, in recent years, applications for 
portable displays, such as monitors for car navigation 
systems and personal video or image display systems, 
are on the rise. These are positioned as low-power con- 
suming displays for head-up displays and portable in- 
formation terminals (also called "mobile tools") such as 
mobile phones. What is demanded for all these displays 
is small size, light weight, flat dimensions, and a low 
power consumption. Moreover, in head-up displays, it is 
necessary to allow switching between the displayed im- 
age and the outside world, and it is desirable that the 
screen is transparent, i.e. a so-called "see-through 
screen". 

[0014] However, usually, image display systems us- 
ing liquid crystal display elements modulate the polari- 
zation direction of incident light in accordance with the 
strength of the electric field that is applied to the liquid 
crystal display element as described above, and bright 
and dark image information is displayed utilizing the fat 
thatthe transmittance of the polarizers arranged in cross 
nicol arrangement before and after the liquid crystal dis- 
play element depends on the polarization of the incident 
light. With this arrangement, the transmittance of the po- 
larizers is low, because they are absorbing. Further- 
more, because the polarizers are arranged in cross nicol 
configuration, there is almost no light transmittance with 
this configuration of the polarizers alone, leading to a 
black state. Consequently, in combination with an image 
display, it is difficult to obtain external information 
through the liquid crystal panel and there is the problem 
that it cannot be used as a head-up display of the see- 
through type. 

[0015] Furthermore, the polarizers are configured 
such that due to the absorption of light, they let only cer- 
tain polarization components through, so that the light 
that is absorbed by the polarizers is converted into heat 
inside. Therefore, as the amount of incident light in- 
creases, the influence of heat generated in the polariz- 
ers cannot be ignored, which leads to the problem that 
the function of light modulation of the polarizers is di- 
minished, and the element is degraded. 
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[0016] Furthermore, a liquid crystal display is not a 
self-emitting device like a CRT, so that it needs its own 
light source for image display. The proportion of power 
used for the light source accounts for about one half of 
the total power consumption of liquid crystal displays, 
and is a big obstacle on the way to lower power con- 
sumption. Therefore, systems have been studied that 
display images without using an own light source for il- 
lumination. Examples of such systems are reflection- 
type image display systems that combine a liquid crystal 
display element and a reflection plate and utilize exter- 
nal light, such as natural light or room lighting, as the 
light source. With such a configuration, they do not need 
their own light source, so that lower power consumption 
becomes possible. Generally, in reflection -type image 
display systems utilizing external light, external light re- 
flected at the surface of the glass substrate overlaps 
with the displayed image, thus diminishing the contrast 
of the displayed image and making the image more dif- 
ficult to see. Therefore, a hologram is arranged on the 
display surface, and it is attempted to improve the visi- 
bility by separating the direction of the surface reflec- 
tions and the image display direction. 
[00171 More specifically, systems are know as de- 
scribed for example in "Design of Hologram for Bright- 
ness Enhancement in Color LCDs" by G.T Valliath, 
SID98 DIGEST 44.5L, p. 1139. This image display sys- 
tem has a configuration as shown for example in Fig. 
36. That is to say, light that is incident from outside en- 
ters the hologram 9206 arranged on the front surface 
where it is subject to the diffractive behavior due to the 
grating structure of the hologram, and bending the prop- 
agation direction, the light enters the polarizer 9205. The 
polarizer 9205 lets only certain polarization components 
(P-waves or S-waves) pass, and passing an RGB color 
filter 9204 and a liquid crystal layer 9203, the light is re- 
flected by an internal reflection mirror 9202, and passes 
again through the liquid crystal layer 9203. While it pass- 
es twice through the liquid crystal layer 9203, it is polar- 
ization modulated as described above, and light whose 
polarization direction corresponds to the image signal is 
emitted from the liquid crystal layer 9203. Then, certain 
polarization components that have passed through the 
polarizer 9205 are diffracted by the hologram 9206, 
changing their propagation direction, and emitted in the 
direction of the dash-dotted line, where they are per- 
ceived by an observer 9106. 

[0018] In this manner, using a hologram on the sur- 
face makes it possible to separate the direction of sur- 
face reflections of incident light (glare) from the display 
direction of the image. That is to say, the visibility of the 
displayed image can be improved by eliminating the in- 
fluence of contrast reductions due to the components 
reflected at the surface. 

[0019] However, since the hologram bends the direc- 
tion of the light-waves due to its diffractive behavior, the 
diffraction angle depends on the wavelength of the light- 
waves. Therefore, there is the problem that color shifts 



depending on the wavelength occur in the image, in 
which the display direction is changed by diffraction. 
[0020] Furthermore, in such a reflection-type system, 
the display condition of the image changes with the con- 

5 dition of the external light that is used as illumination 
light. For example, if the illumination light is dark, as in 
a dark room at night, or at places where there is no us- 
able illumination light, then it becomes difficult to view 
the displayed image information. Therefore, a configu- 

10 ration is desirable that can be switched between exter- 
nal light and a backlight serving as an internal light 
source, depending on the place of usage and the envi- 
ronmental conditions, and which combines lower power 
consumption and higher versatility for displaying image 

is information. But in order to utilize external light, a reflec- 
tion-type configuration is suitable, in which one polarizer 
is arranged on the front surface of the liquid crystal dis- 
play element, and in order to utilize internal light, a trans- 
mission-type configuration is suitable, in which polariz- 

20 ers are arranged in cross nicol configuration on the front 
and the back of the liquid crystal display element. To 
achieve both systems at the same time, a configuration 
with two polarizers is conceivable, but if absorbing po- 
larizers are used, then the transmittance is low, and with 

25 an image display of the reflection-type with external 
light, the brilliance on the screen decreases considera- 
bly, degrading the image quality. Consequently, there is 
the problem that it is difficult to combine the use of an 
internal light source with external light. 

30 

DISCLOSURE OF THE INVENTION 

[0021] In view of the aspects discussed above, it is an 
object of the present invention to provide a polarized il- 

35 lumination system of a simple configuration, in which no 
strict positional alignment is necessary, and in which a 
high polarization conversion efficiency is achieved, as 
well as an image display system, which uses such a po- 
larized illumination system, and in which a bright image 

40 with high contrast is achieved . It is another object of the 
present invention to provide a diffractive optical element 
that can be used for such polarized illumination systems 
or image display systems, which has a reliably high po- 
larization selectivity and diffraction efficiency, and which 

45 is inexpensive. 

[0022] It is a further object of the present invention to 
provide an image display system with high visibility from 
a predetermined display direction, an image display sys- 
tem, in which see-through display is possible, and a im- 

50 age display system with low power consumption using 
both external light and a backlight serving as an internal 
light source. 

[0023] In order to attain these objects, a polarized il- 
lumination system in accordance with a first aspect of 
55 the present invention includes: 

a light source; 

an integrator made of a first lens array and a second 
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lens array; and 

a plurality of diffractive optical elements including 
liquid crystal molecules aligned in a periodic struc- 
ture; 

wherein the diffractive optical elements diffract light 
that is incident from the light source at angles that 
are symmetric with respect to the optical axis or to 
at least one plane including the optical axis. 

[0024] With this configuration, predetermined compo- 
nents of the light incident from the light source (P-waves 
or S-waves) are diffracted in directions that are symmet- 
ric with respect to, for example, the optical axis, so that 
variations in the diffraction angle due to wavelengths dif- 
ferences point into opposite directions. Consequently, 
when the diffracted light is overlapped on the illuminated 
object, for example the light valve, the influence of these 
diffraction angle variations is cancelled, so that color 
variations in the light irradiated on the light valve can be 
reduced. 

[0025] According to a second aspect of the present 
invention, a polarized illumination system includes: 

a light source; 

an integrator made of a first lens array and a second 
lens array; and 

a first and a second diffractive optical element in- 
cluding liquid crystal molecules aligned in a periodic 
structure; 

wherein the diffractive optical elements are provid- 
ed with a periodic structure such that an angle at 
which the diffractive optical elements diffract light 
that is incident from the light source is smaller at a 
peripheral portion than at a central portion near the 
optical axis. 

[0026] It is preferable that a diffraction angle 6 of the 
first diffractive optical element satisfies 6 ^ tan _1 a/d, 
wherein "a" is the width of a light beam focused onto the 
diffractive optical elements by the integrator, and "d" is 
the spacing between the first and the second diffractive 
optical element in the propagation direction of the light. 
[0027] With this configuration, overlapping of trans- 
mitted light and diffracted light from the diffractive optical 
elements is prevented or suppressed at the center, 
where the cross-sectional area of the light beams is 
large, so that P-waves and S-waves can be better sep- 
arated, while the widening of the diffracted light at the 
periphery is suppressed and the light beams are con- 
verged on the light valve at a smaller angle, so that 
which prevents contrast reductions in the displayed im- 
age and makes it possible to use a cheaper lens with 
small effective diameter as the projection lens. 
[0028] According to a fourth aspect of the present in- 
vention, a polarized illumination system includes: 

a light source; 

an integrator made of a first lens array and a second 



10 



lens array; and 

a diffractive optical element including liquid crystal 
molecules aligned in a periodic structure disposed 
between the first lens array and the second lens ar- 
ray; 

wherein the second lens array is made of a group 
of lenses, in which lenses whose aperture center 
matches with their curvature center are arranged in 
alternation with lenses whose aperture center is dif- 
ferent from their curvature center. 



[0029] With this configuration, transmitted light from 
the diffractive optical element enters the group of lenses 
whose aperture center matches with their curvature 

*s center, whereas diffracted light enters the group of lens- 
es whose aperture center is different from their curva- 
ture center whereby it is possible to arrange the direction 
of the light paths of the light beams diffracted by the dif- 
fractive optical element to be substantially the same as 

20 the direction of the light paths before the diffraction, so 
that it is possible to separated the P-waves and the S- 
waves with only one diffractive optical element, making 
it possible to align the directions of both light paths to 
substantially the same direction. 

25 [0030] According to a sixth aspect of the present in- 
vention, a polarized illumination system includes: 



a light source; 

an integrator made of a first lens array and a second 
lens array; 

a diffractive optical element including liquid crystal 
molecules aligned in a periodic structure; and 
a phase plate made of a plurality of A/2 plates; 
wherein a surface area of the A/2 plates on the 
phase plates at a peripheral portion is smaller than 
at a center portion near the optical axis. 



30 



35 



[0031] More specifically, it is advantageous that when 
for example a plurality of light beams focused by the in- 

40 tegrator enter the phase plate, a surface area of these 
light beams on the phase plate is substantially equal to 
a surface area of the A/2 plates on the phase plates. 
[0032] With this configuration, the polarization direc- 
tions of light beams with different cross-sectional areas 

45 at the center and at the periphery can converted as ap- 
propriate, so that a higher polarization conversion effi- 
ciency can be attained. 

[0033] According to an eighth aspect of the present 
invention, in a polarized illumination system in accord- 

50 ance with the sixth aspect of the present invention, the 
phase plate is formed by sealing a photocuring liquid 
crystal into a region that is sandwiched between trans- 
parent insulating substrates on which thin films have 
been formed that are made of a polymer that has been 

55 subjected to an alignment process by rubbing, and irra- 
diating light through a mask. 

[0034] With this configuration, it is easy to form such 
a phase plate with high precision. 
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[0035] According to a thirteenth aspect of the present 
invention, a polarized illumination system includes: 

a light source; 

a diffractive optical element including liquid crystal 
molecules aligned in a periodic structure; 
a reflection-type light valve; 
an optical projection system for magnifying and pro- 
jecting optical images on the light valve; 
wherein the diffractive optical element reflects 
those components of light incident from the light 
source that are polarized in a first direction, wherein 
light components that are polarized substantially 
perpendicular to these polarized components of in- 
cident light are incident on the light valve, and light 
components polarized in the first direction reflected 
by the light valve are guided toward the optical pro- 
jection system. 



10 



15 



[0036] With this configuration, due to the high polari- 20 
zation selectivity and diffraction efficiency of the diffrac- 
tive optical element, it is possible to let predetermined 
polarized components be incident no the light valve with 
high light efficiency, guide only predetermined polariza- 
tion components of the light beams that have been po- 25 
larization modulated with the light valve to an optical pro- 
jection system, so that a bright image with high contrast 
can be displayed. Furthermore, if light beams from the 
light source are substantially separated by color into 
three light beams of the colors red, green and blue, and 30 
if a plurality of diffractive optical elements having a pe- 
riodic structure with different pitches associated with the 
three light beam are provided, then it is possible to in- 
crease the light usage efficiency with respect to light of 
these wavelengths, so that an even brighter color image 35 
with better contrast can be attained. 
[0037] According to a seventeenth aspect of the 
present invention, a method for manufacturing a diffrac- 
tive optical element includes: 

40 

a first step of providing a liquid crystal and at least 
one of a homomer, an oligomer, and a polymer in a 
region sandwiched by transparent insulating sub- 
strates; irradiating light with a periodical intensity 
distribution on the transparent insulating substrates *s 
by interference of two laser beams; partially curing 
said at least one of a homomer, an oligomer, and a 
polymer; and 

a second step of aligning the liquid crystal mole- 
cules with respect to the partially cured region. so 

[0038] With this method, it is possible to form a dif- 
fractive optical element with high polarization selectivity 
and diffraction efficiency. Furthermore, by including a 
photopolymerization initiator and a pigment, these steps 55 
can be carried out with high efficiency. 
[0039] According to a nineteenth aspect of the 
present invention, a method for manufacturing a diffrac- 



tive optical element includes: 

a first step of forming an alignment-processed thin 
film made of a polymer on a transparent insulating 
substrate; aligning and then curing photo- or heat- 
curing liquid crystal molecules on the thin film; and - 
a second step of forming a polymer thin film on the 
liquid crystal molecules and then forming photo- or 
heat-curing liquid crystal molecules such that they • 
are aligned substantially perpendicular to the direc- 
tion of the previously mentioned liquid crystal mol- 
ecules; 

wherein the first step and the second step are car- 
ried out a plurality of times. 

[0040] According to a twentieth aspect of the present 
invention, a method for manufacturing a diffractive op- 
tical element includes: 

a plurality of steps of forming an alignment-proc- 
essed thin film made of a polymer on a transparent 
insulating substrate; aligning and then curing photo- 
or heat-curing liquid crystal molecules on the thin 
film; 

wherein liquid crystal molecule layers with substan- 
tially the same ordinary refractive index of the liquid 
crystal molecules and different extraordinary refrac- 
tive index are layered in alternation. 

[0041] In this method, it is preferable that the diffrac- 
tive optical element includes aligned liquid crystal mol- 
ecules, that a photopolymerizing monomer or photo- 
crosslinking liquid crystal polymer or oligomer is added, 
and that the orientation of the director of the liquid crystal 
is fixed by irradiation of light of the UV spectrum. It is 
also preferable that the step of curing the liquid crystal 
molecules is performed in an inert gas atmosphere. 
[0042] With this method, a diffractive optical element 
with layers of the desired thickness, alignment of the liq- 
uid crystal molecules and refractive index can be formed 
easily without exposure with laser light interference 
fringes. 

[0043] According to a twenty-third aspect of the 
present invention, a method for manufacturing a diffrac- 
tive optical element includes: 

a first step of providing a liquid crystal and at least 
one of a homomer, an oligomer, and a polymer in a 
region sandwiched by transparent insulating sub- 
strates; irradiating light with a periodical intensity 
distribution on the transparent insulating substrates 
by interference of two laser beams; and partially 
curing said at least one of a homomer, an oligomer, 
and a polymer; and 

a second step of aligning the liquid crystal mole- 
cules with respect to the partially cured region; 
wherein a temperature of the transparent insulating 
substrates during the irradiation is maintained with- 
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in a temperature range of substantially half the tem- 
perature at transition of the liquid crystal from 
nematic to isotropic (referred to in short as "N-l tran- 
sition temperature" below) to a temperature approx- 
imately 10°C below the N-l transition temperature. 5 

[0044] With this method, a diffractive optical element 
with high polarization selectivity and diffraction efficien- 
cy can be formed easily and reliably. Furthermore, by 
including a photopolymerization initiator and a pigment 10 
in the diffractive optical element, these steps can be car- 
ried out with high efficiency. 

[0045] According to a twenty-fourth aspect of the 
present invention, a method for manufacturing a diffrac- 
tive optical element includes: 15 

a first step of providing a liquid crystal and at least 
one of a homomer, an oligomer, and a polymer in a 
region sandwiched by transparent insulating sub- 
strates on which thin films have been formed that 20 
are made of a polymer that has been subjected to 
an alignment process by rubbing; and irradiating 
light with a periodical intensity distribution on the 
transparent insulating substrates by interference of 
two laser beams to partially cure said at least one 25 
of a homomer, an oligomer, and a polymer; and 
a second step of aligning the liquid crystal mole- 
cules with respect to the partially cured region; 
wherein the alignment direction of the liquid crystal 
molecules substantially coincides with the rubbing 30 
direction of the polymer thin films. 

[0046] With this method, a diffractive optical element 
with even higher polarization selectivity and diffraction 
efficiency can be formed easily and reliably. 35 
[0047] According to a twenty-fifth aspect of the 
present invention, a method for manufacturing a diffrac- 
tive optical element includes: 

a step of providing a liquid crystal and at least one 40 
of a homomer, an oligomer, and a polymer in a re- 
gion sandwiched by transparent insulating sub- 
strates; and irradiating light with an intensity that 
has a periodic structure with a pitch of about 1u.m 
to 1 0jim onto a predetermined region on the trans- 45 
parent insulating substrates; and 
a step of irradiating light on a region enclosing said 
predetermined region. 

[0048] With this method, it is not necessary to perform 50 
a step of gluing the transparent insulating substrates to- 
gether with a sealing agent, so that the steps for manu- 
facturing the diffractive optical element can be simpli- 
fied, and the manufacturing costs can be reduced. 
[0049] According to a twenty-sixth aspect of the 55 
present invention, a method for manufacturing a diffrac- 
tive optical element includes: 



a first step of providing a liquid crystal and at least 
one of a homomer, an oligomer, and a polymer in a 
region sandwiched by transparent insulating sub- 
strates; irradiating light with a periodical intensity 
distribution on the transparent insulating substrates 
by interference of two laser beams; and partially 
curing said at least one of a homomer, an oligomer, 
and a polymer; 

a second step of aligning the liquid crystal mole- 
cules with respect to the partially cured region; and 
a step of periodically forming phase plates on the 
transparent insulating substrate on the side that is 
opposite to the light irradiation side. 

[0050] With this method, a periodic phase plate with 
high precision can be formed easily, and the diffractive 
optical element and the phase plate are formed in one 
piece, so that the configuration and assembly steps for 
a device using such a diffractive optical element are sim- 
plified. 

[0051 ] It is also possible to combine at least two steps 
of any of the twenty-third to twenty-sixth aspect of the 
present invention. 

[0052] According to a thirty-third aspect of the present 
invention, an image display system includes: 

a polarization modulation element; and 

a diffractive optical element including liquid crystal 

molecules aligned in a periodic structure. 

[0053] Here, the image display system can further in- 
clude a reflection plate or a phase-retardation film com- 
prises a A/4 plate, a polarizer, a scatter plate, or a po- 
larization conversion film. 

[0054] With this configuration, due to the high polari- 
zation selectivity and diffraction efficiency of the diffrac- 
tive optical element, it is possible devise a transmission- 
type or reflection-type or a color image display system 
that can display bright images of high contrast with high 
light efficiency. 

[0055] According to a thirty-ninth aspect of the 
present invention, a method for manufacturing a diffrac- 
tive optical element includes: 

a first step of providing a liquid crystal and at least 
one of a homomer, an oligomer, and a polymer in a 
region sandwiched by transparent insulating sub- 
strates; irradiating light with a periodical intensity 
distribution on the transparent insulating substrates 
by interference of two laser beams; and partially 
curing said at least one of a homomer, an oligomer, 
and a polymer; and 

a second step of aligning the liquid crystal mole- 
cules with respect to the partially cured region; 
wherein the insulating substrates on the light irradi- 
ation side and the opposite side are arranged on a 
substrate that substantially absorbs the laser light. 
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[0056] With this method, the laser light that has 
passed through the insulating substrates on the light ir- 
radiation side and the opposite side is absorbed by this 
substrate, which prevents that due to the reflection light 
from the substrates or the jig, a grating with a pitch that 
is different from the design value is formed as well as 
the occurrence of speckle noise. Consequently, a dif- 
fractive optical element with high diffraction efficiency 
can be formed. 

[0057] According to a fortieth aspect of the present 
invention, a method for manufacturing a diffractive op- 
tical element includes: 

a first step of providing a liquid crystal and at least 
one of a homomer, an oligomer, and a polymer in a 
region sandwiched by transparent insulating sub- 
strates; irradiating light with a periodical intensity 
distribution on the transparent insulating substrates 
by interference of two laser beams; and partially 
curing said at least one of a homomer, an oligomer, 
and a polymer; and 

a second step of aligning the liquid crystal mole- 
cules with respect to the partially cured region; 
wherein a film having anisotropic scattering proper- 
ties, scattering light beams incident at angles from 
a predetermined range of incidence angles and 
substantially transmitting light beams that are inci- 
dent at angles outside a predetermined range of in- 
cidence angles, is arranged on the transparent in- 
sulating substrate on the irradiation side, and the 
transparent insulating substrate on the opposite 
side is arranged on a substrate that substantially 
absorbs the laser light. 



aspect, a portable information terminal device or a head- ^ 
up display include an image display system according 
to the thirty-third aspect of the present invention. 
[0062] With such configurations, these devices can 
5 be provided with excellent display properties (e.g. visi- 
bility), operability, and versatility. 
[0063] According to a fifty-second aspect of the 
present invention, a polarized illumination system, in- 
cludes: 

10 

a light source; 

a diffractive optical element including liquid crystal 
molecules aligned in a periodic structure; 
a phase plate; and 
15 a light-conducting plate. 

[0064] It is preferable that the diffractive optical ele- 
ment has the function to diffract those components of 
incident light that are polarized in a first direction, and 

20 to substantially transmit those components that are sub- 
stantially perpendicular to those components of the in- 
cident light that are polarized in the first direction. It is 
also preferable that the diffractive optical element has a 
periodic structure that is oblique to the optical axis of the 

25 liquid crystal molecules. 

[0065] With this configuration, a large amount of light 
from the light source with aligned polarization can be 
emitted, so that in combination with a polarization mod- 
ulation element, a bright image of high contrast can be 

30 displayed with high light efficiency. 

[0066] According to a fifty-ninth aspect of the present 
invention, a method for manufacturing a diffractive op- 
tical element includes: 



[0058] With this configuration, a diffractive optical el- 35 
ement with scattering properties or a diffractive optical 
element in which the widening angle of the diffractive 
light waves changes, because the two light beams dur- 
ing the laser light exposure are diverging or converging. 
[0059] According to a forty-first aspect of the present 40 
invention, in a method for manufacturing a diffractive op- 
tical element according to the thirty-ninth or the fortieth 
aspect, the transparent insulating substrates are ap- 
proximately several dozen to several hundred u,m thick. 
[0060] By using for example a plastic film of this thick- 45 
ness, a diffractive optical element can be obtained that 
is extremely thin and has excellent polarization separa- 
tion properties and high efficiency. That is to say, the 
diffractive optical element can be devised as a film, and 
can be treated as a polarization film or a film-shaped 50 
filter, so that the range of possible applications increas- 
es widely, and in an image display system using such a 
diffractive optical element, it can be applied by so-called 
"retrofitting" in a process that is separate from the main 
assembly process. 

[0061 ] According to a forty-ninth and a fiftieth aspect 
of the present invention, in a method for manufacturing 
a diffractive optical element according to the thirty-third 



providing a liquid crystal and at least one of a ho- 
momer, an oligomer, and a polymer in a region 
sandwiched by transparent insulating substrates; 
first, irradiating light with a periodical intensity dis- 
tribution through a mask that is partitioned into a 
plurality of regions on the transparent insulating 
substrates by interference of two laser beams; and 
then, irradiating uniform light through a mask having 
a pattern corresponding to an inversion of the pre- 
viously mentioned mask. 

[0067] With this method, it is possible to form the plu- 
rality of regions with the same structure as if partitioned 
with a sealing agent, so that by cutting the regions apart, 
it is possible to manufacture a plurality of diffractive op- 
tical elements efficiently and with high uniformity, and to 
reduce the manufacturing costs. 
[0068] According to a sixty-fourth aspect of the 
present invention, a diffractive optical element is made 
by 

a first step of providing a liquid crystal and at least 
one of a homomer, an oligomer, and a polymer in a 
region sandwiched by transparent insulating sub- 
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strates; irradiating light with a periodical intensity 
distribution on the transparent insulating substrates 
by interference of two laser beams; and partially 
curing said at least one of a homomer, an oligomer, 
and a polymer; and 5 
a second step of aligning the liquid crystal mole- 
cules with respect to the partially cured region. 

[0069] Here, it is preferable that the alignment direc- 
tion of the liquid crystal molecules in the second step is io 
substantially perpendicularto a wall of a portion that has 
been partially cured in the first step. 
[0070] (t is also preferable that the predetermined 
temperature is within a temperature range of substan- 
tially half the temperature at the transition of the liquid is 
crystal from nematic to isotropic (referred to in short as 
"N-l transition temperature" below) to a temperature ap- 
proximately 10°C below the N-l transition temperature. 
[0071] Thus, a diffractive optical element with high po- 
larization selectivity and diffraction efficiency can be at- 20 
tained. 

[0072] According to a sixty-eighth aspect of the 
present invention, a polarized illumination system ac- 
cording to the first aspect of the present invention is 
characterized in that the diffractive optical element is 25 
partitioned into four regions by two orthogonal lines 
through the optical axis, wherein those regions arranged 
in opposition to one another diffract light that is incident 
from the light source at angles that are symmetric with 
respect to a plane including the optical axis. 30 
[0073] With this configuration, predetermined compo- 
nents of the light incident from the light source (P-waves 
or S-waves) are diffracted in directions that are symmet- 
ric with respect to a plane including the optical axis, so 
that the color variations in the color variations in the light 35 
irradiated on the light valve can be reduced, and the 
overlapping of light transmitted by and light diffracted by 
the diffractive optical element can be reduced consider- 
ably, so that the separation of P-waves and S-waves is 
increased, and the polarization conversion efficiency 40 
and the light efficiency is improved considerably. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0074] 45 

Fig. 1 is a cross-sectional view showing the config- 
uration of a polarized illumination system in accord- 
ance with Embodiment A1 . 

Fig. 2 is a diagram illustrating the diffraction pattern 50 
of an alternative example of Embodiment A1 . 
Fig. 3 is a cross-sectional view showing the config- 
uration of a polarized illumination system in accord- 
ance with Embodiment A2. 

Fig. 4 is a cross-sectional view showing the config- 55 
uration of a polarized illumination system in accord- 
ance with Embodiment A3. 

Fig. 4(a) is a cross-sectional view of a diffractive op- 



tical element taken from above. 
Fig. 4(b) is a front view of the diffractive optical el- 
ement taken in the direction of the optical axis. 
Fig. 4(c) is a diagram schematically illustrating the 
pattern of the light beams entering the diffractive op- 
tical element. 

Figs. 5(a) to 5(d) are front views showing the pat- 
terns of the polarization conversion portion formed 
on the phase-retardation plate of the polarized illu- 
mination system according to Embodiment A4. 
Fig. 6 is a process diagram illustrating a method for 
manufacturing the phase-retardation plate of Em- 
bodiment A4. 

Fig. 7 is a diagram illustrating another method for 
manufacturing the phase-retardation plate of Em- 
bodiment A4. 

Fig. 8 is a cross-sectional view showing the config- 
uration of a diffractive optical element in accord- 
ance with Embodiment B1 . 

Fig. 9 is a perspective view showing the configura- 
tion of another diffractive optical element in accord- 
ance with Embodiment B1 . 

Fig. 10 is a diagram illustrating a method for man- 
ufacturing the diffractive optical element of Embod- 
iment B1 . 

Fig. 11 shows graphs illustrating how the diffraction 
light intensity changes as the exposure process of 
the diffractive optical element of Embodiment B1 
proceeds. 

Fig. 12 shows graphs illustrating how the diffraction 
efficiency depends on the process temperature for 
the diffractive optical element of Embodiment B1 . 
Fig. 13 is a graph showing how the diffraction effi- 
ciency depends on the temperature after preparing 
the diffractive optical element of Embodiment B1. 
Fig. 1 4 shows graphs illustrating how the diffraction 
efficiency depends on the angle of incidence at the 
diffractive optical element of Embodiment B1 . 
Fig. 15 is a graph showing how the contrast de- 
pends on the angle of incidence at the diffractive 
optical element of Embodiment B1 . 
Fig. 16 is a cross-sectional view showing the con- 
figuration of a diffractive optical element in accord- 
ance with Embodiment B2. 

Fig. 17 is a process diagram illustrating a method 
for manufacturing the diffractive optical element of 
Embodiment B2. 

Fig. 18 is a cross-sectional view showing the con- 
figuration of a diffractive optical element in accord- 
ance with Embodiment B3. 

Fig. 19 is a diagram illustrating a method for man- 
ufacturing the diffractive optical element of Embod- 
iment B5. 

Fig. 20 is a diagram illustrating another method for 
manufacturing the diffractive optical element of Em- 
bodiment B5. 

Fig. 21 is a diagram illustrating the configuration of 
an image display system in accordance with Em- 
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bodiment C1 . 

Fig. 22 is a diagram illustrating the configuration of 
an image display system in accordance with C2. 
Fig. 22(a) is a plan view of the second-level portion. 
Fig. 22(b) is a plan view of the first-level portion. 
Fig. 22(c) is a lateral view. 

Fig. 23 is a diagram illustrating the configuration of 
a polarized illumination system in accordance with 
Embodiment C3. 

Fig. 24 is a diagram illustrating the configuration of 
a polarized illumination system in accordance with 
Embodiment C4. 

Fig. 25 is a diagram illustrating the configuration of 
an image display system in accordance with Em- 
bodiment D1 . 

Fig. 26 is a diagram illustrating the configuration of 
an image display system in accordance with Em- 
bodiment D2. 

Fig. 27 is a diagram illustrating the configuration of 
an image display system in accordance with Em- 
bodiment D3. 

Fig. 28 is a diagram illustrating the configuration of 
an image display system in accordance with Em- 
bodiment D4. 

Fig. 29 is a diagram illustrating a method for man- 
ufacturing a diffractive optical element of Embodi- 
ment D5. 

Fig. 30 is a diagram illustrating a method for man- 
ufacturing a diffractive optical element of Embodi- 
ment D6. 

Fig. 31 is a diagram illustrating the configuration of 
an image display system in accordance with Em- 
bodiment D7. 

Fig. 32 is a diagram illustrating the configuration of 
a portable information terminal device in accord- 
ance with Embodiment D1 0. 
Fig. 33 is a diagram illustrating the configuration of 
a head-up display in accordance with Embodiment 
D11. 

Fig. 34 is a cross-sectional view showing the con- 
figuration of a polarized illumination system in ac- 
cordance with Embodiment D1 2. 
Fig. 35 is a cross-sectional view showing the con- 
figuration of a conventional polarization conversion 
device. 

Fig. 36 is a diagram illustrating the configuration of 
a conventional image display system. 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0075] * The following is an explanation of the preferred 
embodiments of the present invention, with reference to 
the accompanying drawings. 

Embodiment A1 

[0076] Fig. 1 illustrates a polarized illumination sys- 
tem that uses two diffractive optical elements and irra- 



diates polarized light on a light valve displaying images 
by polarization modulation. 

[0077] A light beam including a P-wave and an S- 
wave is that is emitted from a light source 1101 enters 

5 an integrator 11 04 including a first lens array 11 02 and 
a second lens array 1103. The first lens array 1102 and 
the second lens array 1103 each include a plurality of 
lenses, the lenses of the first lens array 1102 forming 
pairs with those of the second lens array 1 1 03. The lens- 

10 es of the first lens array 1 1 02 bundle the light beam emit- 
ted by the light source 1101 and project an image of the 
light-emitting portion 1 1 01 a on the lenses of the second 
lens array 11 03, whereas the lenses of the second lens 
array 1103 guide the incident light beams efficiently 

is through a diffractive optical element 1105 and other el- 
ements to a light valve 1110. 

[0078] The S-wave of the light beam emitted from the 
second lens array 1103 is transmitted by the diffractive 
optical element 1105 and the diffractive optical element 

20 1 1 06, which are both polarization selective, whereas the 
P-wave is diffracted for a predetermined diffraction an- 
gle by the diffractive optical element 1 1 05 and diffracted 
by the diffractive optical element 1 1 06 for the same dif- 
fraction angle but in opposite direction as with the dif- 

25 tractive optical element 1 1 05. That is to say, the angles 
(with respect to the optical axis) of both the S-wave and 
the P-wave emitted by the diffractive optical element 
1 1 06 is the same as for light beams incident on the dif- 
fractive optical element 1105 and only their positions are 

30 shifted with respect to one another. The diffractive opti- 
cal elements 1105 and 1106 diffract the light such that 
the diffraction directions (diffraction angles) of the P- 
waves are symmetrical to the optical axis and reduce 
non-uniformities in chromaticity and light intensity atthe 

35 periphery of the light valve 1110, as will be explained 
below. The shift of the light paths increases with the dif- 
fraction angle of the P-wave and the distance between 
the diffractive optical elements 11 05 and 11 06. By con- 
stricting with the integrator 1104 the width (cross-sec- 

40 tional area of a light beam) of the light beams incident 
from each lens pair of the integrator 1 1 04 on the diffrac- 
tive optical element 1106 to about 1/2 of the pitch be- 
tween the lenses, and setting the diffraction angle such 
that the shift of the light paths is about the same as the 

45 width of the light beams, the incidence area of the S- 
wave and the incidence area of the P-wave on the dif- 
fractive optical element 1106 can be separated reliably 
so that they do not overlap. 

[0079] The region from which P-waves are emitted by 
so the diffractive optical element 1106 is provided with a 
phase-retardation plate 1107 (A/2-plate), so that the P- 
waves are converted into S -waves. That is to say, from 
the diffractive optical element 1106 provided with the 
phase-retardation plate 11 07, a light beam having sub- 
55 stantially the same width as the light beam emitted by 
the light source 1101 is emitted as an S-wave with 
aligned polarization, for all light beams passing through 
the lens pairs of the integrator 1104. 



10 



BNSDOCID: <EP 1146379A1 I > 



19 



EP 1 146 379 A1 



20 



[0080] As for the light beams emitted by the diffractive 
optical element 1106 and the phase-retardation plate 
1107, the light beams passing through the lens pairs of 
the integrator 1 1 04 are superimposed upon one another 
by a converging lens 1 1 08 and a field lens 11 09, the light 
amount is made uniform, and the light beams are irra- 
diated onto the light valve 1110. That is to say, the light 
amount variations caused by the fact that the light 
amount close to the optical axis of the light beam emitted 
by the light source 1 1 0 1 is different from the light amount 
at the periphery are compensated. 
[0081] The following is an explanation of the position- 
ing of the Integrator 1 1 04 and the diffractive optica! ele- 
ment 1105. The diffractive optical element 1105 is pro- 
vided with a periodic structure in the u.m-order, and light 
beams incident on the element are diffracted in the 
same manner, regardless on the position where the light 
is incident. Thus, the positional alignment of the diffrac- 
tive optical element 1105 and the integrator 1104 does 
not have to be so exact, and a so-called "alignment-free 
configuration" is possible. Therefore, positional align- 
ment can be achieved in a simple manner by forming 
the phase-retardation plate 1107 in correspondence 
with the pitch of the integrator on the diffractive optical 
element 1106 and adjusting the distance between the 
diffractive optical elements 1105 and 1106. Further- 
more, the facility with which the alignment can be at- 
tained, is the same, for example when making the lens- 
es of the first lens array 1 1 02 and the second lens array 
1103 smaller while increasing their number in order to 
improve the uniformity of the light beam, or when setting 
different sizes for different regions, for example making 
the lenses bigger near the center (near the optical axis) 
and making them smaller at the periphery in order to 
improve the light efficiency at the light valve 1110, and 
it is possible to employ such configurations without risk- 
ing considerable increases in manufacturing costs. 
[0082] The following is an explanation of how non-uni- 
formities of the chromaticity and the light intensity at the 
periphery of the light valve 1 1 1 0 are reduced by making 
the diffraction directions of the P-waves symmetrical 
with respect to the optical axis as described above. 
[0083] First, this is explained for a light beam passing 
through one lens pair of the integrator 1104. The diffrac- 
tion angle of the light beam due to the diffractive optical 
element 1105 depends on the wavelength of the light 
beam, and increases as the wavelength becomes long- 
er. This means, P-waves of, for example, R (red), G 
(green) and B (blue) light included in the white light from 
the light source 1 1 01 are chromatically separated before 
they enter the diffractive optical element 1106. The P- 
waves of the various colors entering the diffractive op- 
tical element 1 1 06 are diffracted for the same diffraction 
angle but in opposite direction as with the diffractive op- 
tical element 1 1 05, so that the light paths of the colored 
light beams are parallel to one another, but when enter- 
ing the light valve 1110, they are shifted for a distance 
that depends on the difference between the diffraction 



angles and the distance between the diffractive optical 
elements 1105 and 1106. Thus, the chromaticity and the 
light intensity at the periphery of the light valve 1 1 1 0 be- 
comes non-uniform. 

5 [0084] Here, however, by making the diffraction direc- 
tions of the P-wave symmetrical with respect to the op- 
tical axis, the colored P-waves in light beams passing 
through tens pairs of the integrator 1104 that are ar- 
ranged symmetrically with respect to the optical axis are 

10 shifted in opposite directions, so that the color shifts at 
the periphery of the light valve 1110 cancel each other 
out, and the non-uniformities in chromaticity and light 
intensity are reduced. More specifically, the light beams 
emitted from the regions above the optical axis of the 

15 diffractive optical element 1106 in Fig. 1 are shifted up- 
ward in the order blue light, green light, red light when 
they enter the light valve 1110, so that the intensity of 
red light at the upper portion of the light valve 1110 in 
Fig. 1 becomes relatively large. On the other hand, also 
20 the light beams emitted from the regions below the op- 
tical axis of the diffractive optical element 1 1 06 are shift- 
ed downward in the order blue light, green light, red light 
when they enter the light valve 1 1 1 0, so that the intensity 
of red light at the upper portion of the light valve 1 11 0 in 
25 Fig. 1 becomes relatively low. Consequently, the inten- 
sity of red light averages out, and the non-uniformities 
in the chromaticity and the light intensity are decreased, 
as described above. 

[0085] It should be noted that to decrease the non- 
50 uniformities in the chromaticity etc., it is not strictly nec- 
essary to arrange the diffraction directions symmetrical- 
ly with respect to the optical axis as described above, 
and it is also possible to arrange them symmetrically 
with respect to a plane including the optical axis, for ex- 
35 ample symmetrically with respect to the horizontal di- 
rection or the vertical direction of the display screen. 
Furthermore, it is also possible to arrange them sym- 
metrically with respect to a plurality of directions. More 
specifically, it is possible to partition the diffractive opti- 
^0 cal elements 1105 and 1106 with orthogonal lines 
through the optical axis into four regions 1 1 05a to 1 1 05d 
and 1106a to 1106d, and arrange the diffraction of the 
diagonally opposite regions 1105a, 1106a and 1105c, 
1 1 06c and further 1 1 05b, 1 1 06b and 1 1 05d, 1 1 06d to be 
45 opposite from one another (as indicated by the arrows), 
as shown in Fig. 2. In this case in particular, as shown 
in Fig. 2, it is possible to make the overlap between the 
S-wave and the P-wave entering the diffractive optical 
element 1106 very small, so that the light efficiency is 
50 improved considerably. 

Embodiment A2 

[0086] A polarized illumination system using only one 
55 diffractive optical element is explained with reference to 
Fig. 3. It should be noted that in this and the following 
embodiments, structural elements that are the same as 
in other embodiments, such as the previous Embodi- 
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ment A1 , are denoted by the same or corresponding nu- 
merals, and their further explanation is omitted. 
[0087] This polarized illumination system differs from 
the one in Embodiment A1 in that the diffractive optical 
element 1105 is arranged between the first lens array 
1 1 02, and that a second lens array 1121 is provided in- 
stead of the second lens array 1103. The second lens 
array 1121 is made of a transparent substrate 1122, 
lenses 1 1 23, lenses 1 1 24, and a phase-retardation plate 
1107. The lenses 1123 are the same as the lenses of 
the second lens array 1103 in Embodiment A1 , except 
that their diameter is only 1/2 of that of the lenses in the 
first lens array 1102. The lenses 1123 are arranged at 
the positions where the S-waves that have passed 
through the diffractive optical element 1 1 05 are incident. 
The lenses 1124, on the other hand, are arranged at the 
positions where the P-waves that have been diffracted 
by the diffractive optical element 1 1 05 are incident. The 
lenses 1124 are shaped as eccentric partial convex 
lenses (or substantially shaped as combinations of 
prisms and convex lenses), so that they refract entering 
P-waves that have been diffracted by the diffractive op- 
tical element 1105 by the same angle as the diffraction 
angle by which P-waves are diffracted by the diffractive 
optical element 11 06 of Embodiment A1 , emitting them 
in the same direction as S-waves. The phase- retarda- 
tion plate 1107 is arranged at positions corresponding 
to the lenses 1124. It should be noted that the position 
of the lenses 1 1 24 and the phase- retardation plate 1 1 07 
on the optical axis can also be opposite from the ar- 
rangement shown in Fig. 3, and that it is not strictly nec- 
essary to provide the transparent substrate 1122. 
[0088] Also with this configuration, as with Embodi- 
ment A1 , S-waves with aligned polarization can be irra- 
diated on the light valve 1110, and the diffraction direc- 
tions of the P-waves are symmetrical with respect to the 
optical axis, which reduces non-uniformities of chroma- 
ticity and light intensity at the periphery of the light valve 
1110. 

[0089] Furthermore, only one diffractive optical ele- 
ment 1 105 is used in this configuration, so that it is pos- 
sible to simplify the configuration, and to improve the 
polarization conversion gain. That is to say, in Embodi- 
ment A1 , two diffractive optical elements 1 1 05 and 1 1 06 
are provided, so that both the P-wave and the S-wave 
are subjected twice to diffraction or transmission. Thus, 
the polarization conversion gain with respect to the in- 
cident light beams is equal to the square of the diffrac- 
tion efficiency. More specifically, if the P-wave diffraction 
efficiency is for example 90% and the S-wave transmit- 
tivity is ca. 95%, then the theoretical polarization con- 
version gain is the sum of the square of the P-wave dif- 
fraction efficiency and the square of the S-wave trans- 
mittivity: 0.9 x 0.9 + 0.95 x 0.95 = ca.1 .7. In this em- 
bodiment, on the other hand, the P-wave and the S- 
wave are subjected only once each to diffraction and 
transmission, so that a theoretical polarization conver- 
sion gain of about 0.9 + 0.95 = 1 .85 can be attained. It 



should be noted that this improvement of the polariza- 
tion conversion gain can also be achieved when the dif- 
fraction directions of the P-waves are not symmetric with 
respect to the optical axis, that is, regardless of whether 
s or not the non-uniformities in chromaticity and light in- 
tensity at the periphery of the light valve 1110 are de- 
creased. 

Embodiment A3 

10 

[0090] A polarized illumination system using a diffrac- 
tive optical element whose diffraction angle at the center 
(near the optical axis) differs from the diffraction angle 
at the periphery is explained with reference to Fig. 4. 
15 [0091 ] Fig. 4(a) is a cross-sectional view of diffractive 
optical elements 1135 and 1136, viewed from above. 
[0092] Fig. 4(b) is a front view of the diffractive optical 
-elements 1135 and 1136, viewed in optical axis direc- 
tion. 

20 [0093] Fig. 4(c) schematically illustrates the pattern of 
the light beams entering the diffractive optical element 
1136. 

[0094] The polarized illumination system of this em- 
bodiment differs from the one of Embodiment A1 in that 
25 it is provided with the diffractive optical elements 1135 
and 1 1 36 instead of the diffractive optical elements 1 1 05 
and 1106, whereas other structural elements are the 
same. The light-emitting portion 1101a of the light 
source 1 1 01 has a finite size (arc length) of several mm, 
30 so that the focused light beam of the integrator 1104 
does not form a perfect spot. More specifically, the im- 
age of the light-emitting portion 1101a that is formed by 
the first lens array 1102 on the second lens array 1103 
takes on a shape that is radially elongated from the op- 
35 tical axis in correspondence with the arc shape, and as 
shown in Fig. 4(c), light beams with substantially the 
same shape as the image of the light-emitting portion 
1101a incident on the diffractive optical element 1136. 
Moreover, the optical path of the light beams incident on 
40 the diffractive optical element 1136 at the periphery is 
longer than the optical path of the light beams at the 
center, so that the patterns of the light beams are larger 
towards the center and smaller towards the periphery. 
[0095] If polarized light is separated with the diffrac- 
ts tive optical element 1135 in the manner shown in Em- 
bodiment A1 (i.e. diffracting the P-waves and transmit- 
ting the S-waves), and the polarization direction is con- 
verted with the phase-changing plate 1107, then, to 
make the polarization conversion gain large, it is neces- 
50 sary to separate the transmitted beams and the diffract- 
ed beams entering the diffractive optical element 1136 
from the diffractive optical element 1135 such that they 
overlap as little as possible on the diffractive optical el- 
ement 1136. Therefore, it is not preferable that the dif- 
55 fraction angle of the diffractive optical elements 1135 
and 1136 is set to a value that is smaller than a prede- 
termined angle. That is to say, when the diffraction angle 
is set to a small angle at which polarization separation 
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of the small-patterned light beams at the periphery is 
possible, then the large-patterned light beams at the 
center will overlap, and the polarization conversion gain 
drops, because polarization conversion is not per- 
formed completely in these overlapping portions, and 
thus, the light efficiency at the light valve 1110 decreas- 
es. If, on the other hand, the diffraction angle is set to a 
large value in accordance with the large-patterned light 
beams at the center, then the spacing between the po- 
larization-separated light beams at the periphery be- 
comes larger than necessary. In that case, the width of 
the entire light beam after polarization conversion be- 
comes larger than the width of the light beams emitted 
by the light source 1101, so that less light beams are 
effectively guided to the light valve 1110, and, again, the 
light efficiency drops. Furthermore, when attempting to 
guide all polarization separated light beams to the light 
valve 1110, the convergence angle of the light beams 
entering the light valve 1110 becomes large, so that the 
contrast of the displayed image decreases, and it be- 
comes necessary to use an expensive lens with a large 
effective diameter for the lens projecting the image of 
the light valve 1110. 

[0096] To solve this problem, in this embodiment, de- 
pending on the width of the light beams focused by the 
integrator 1104, the diffraction angle in each region is 
optimized in accordance with the distance from the op- 
tical axis at the diffractive optical elements 1135 and 
1136, thus improving the light efficiency. More specifi- 
cally, the diffractive optical elements 1 1 35 and 1 1 36 are 
divided into regions 1135a, 1135b, 1136a, and 1136b 
where the P-wave diffraction angle is 01 , and regions 
1 1 35c, 1 1 35d, 1 1 36c, and 1 1 36d where the P-wave dif- 
fraction angle is 62. Furthermore, in orderto reduce non- 
uniformities of the chromaticity at the periphery as 
shown in Embodiment A1, the diffraction angles of the 
regions 1135a and 1135b etc. are the same but the dif- 
fraction directions are opposite. To separate the S-wave 
pattern and the P-wave pattern entering the diffractive 
optical element 1136 accurately so that they do not over- 
lap, it is preferable that the diffraction angle 01 is set 
such that the position of the P-wave patterns is shifted 
with respect to the S-wave patterns by at least the width 
"a" of the light beams that the integrator 1104 focuses 
near the center. Consequently, it is preferable that 91 is 
set to 91 ^ tan- 1 a/d, wherein "d" is the spacing between 
the two diffractive optical elements 1 1 35 and 1 1 36. Also, 
it is preferable that G2 is set to at least tan" 1 b/d, wherein 
"b" is the width of the light beams focused on the periph- 
ery, and to make 92 as close to this value as possible. 
[0097] When the patterns of the light beams focused 
by the integrator 1 1 04 are arranged at a dense spacing, 
it can happen that the diffracted P-waves near the center 
overlap with the transmitted S-waves at the portions 
next further away from the optical axis. This may harm 
the light efficiency, and since the light amount of the light 
beams incident on the diffractive optical element 1135 
is larger the closer the light beams are to the optical axis, 



a higher light efficiency can be attained when setting the 
diffraction angle 91 such that the light beams do not 
overlap in areas close to the optical axis. 
[0098] Moreover, strictly speaking, the diffraction an- 
5 gles 91 and 92 depend on the wavelength, but it is pos- 
sible to attain a light efficiency that is high on average 
by setting the diffraction angles 91 and 92 such that the 
afore-mentioned conditions are met at for example 
550nm, which is the central wavelength of visible light. 
10 [0099] The following results were obtained when eval- 
uating the polarization conversion gain of a polarized il- 
lumination system of Embodiment A1 and of this em- 
bodiment, in contrast with a polarized illumination sys- 
tem without diffractive optical elements 1105 and 1106 
'5 (that is, without polarization conversion). In the polar- 
ized illumination system of this embodiment, the diffrac- 
tion angle 91 at the center was set to 91 = 35°, the dif- 
fraction angle 92 at the periphery was set to 92 = 30°, 
and the distance d between the diffractive optical ele- 
20 ments 1 1 35 and 1 1 36 was set to d = 7mm. The width of 
the light beams focused by the integrator 1 1 04 onto the 
diffractive optical element 1135 was about 5mm. To be 
specific, the polarization conversion gain was measured 
as follows. A polarizers set up to transmit S-waves was 
25 arranged at the position of the light valve 1110, and a 
photometer was placed directly behind that. The amount 
of light transmitted by the polarizer was measured, the 
ratio to the amount of light of a polarized illumination 
system without polarization conversion was deter- 
30 mined, and this value was taken as the polarization con- 
version gain. With this measurement, it was found that 
the polarization conversion gain with Embodiment A1 
was about 1 .3 to 1 .4, whereas in this embodiment, the 
polarization conversion gain was about 1 .4 to 1 .6, even 
35 higher than in Embodiment A1 . 

[0100] In the foregoing examples, two different dif- 
fraction angles 91 and 92 were used, but it is also pos- 
sible to partition the diffractive optical elements 1135 
and 11 36 into even more regions, and decrease the dif- 
^0 fraction angle gradually from the center toward the pe- 
riphery, thereby improving the polarization conversion 
gain even further. 

[0101] Furthermore, examples were shown, in which 
the diffraction directions of the diffractive optical ele- 

45 ments 1135 and 1136 are symmetrical with respect to 
the horizontal direction (that is, a plane that is perpen- 
dicular to the paper plane in Fig. 4 and including the op- 
tical axis), but it is also possible to arrange them sym- 
metrically with respect to the optical axis as in Embodi- 

50 ment A1, or symmetrically in a plurality of pairs of re- 
gions. Moreover, the above-described effect of improv- 
ing the polarization conversion gain can also be attained 
when the diffraction directions are not set as described 
above. 

55 

Embodiment A4 

[0102] The following is an explanation of a phase-re- 
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tardation plate, a polarized illumination system using 
this phase-retardation plate, and a method for manufac- 
turing the phase-retardation plate. With this phase-re- 
tardation plate, it is easy to configure a polarized illumi- 
nation system with high polarization conversion efficien- 
cy, in particular when the patterns of the P-wave and S- 
wave light beams that have been polarization separated 
with the diffractive optical elements have a plurality of 
shapes. 

[0103] The phase-retardation plate is used for polari- 
zation conversion, changing the polarization of either 
the polarization separated S-wave light beams or P- 
wave light beams by 90° to obtain S-wave or P-wave 
light beams with aligned polarization. Here, when per- 
forming polarization separation with diffractive optical 
elements as in the previous embodiments, the phase- 
retardation plate is provided at discrete regions on a pre- 
determined plane on which the transmitted light and the 
diffracted light from the diffractive optical elements is in- 
cident. But if the patterns of the regions on which the 
transmitted light or the diffracted light is incident do not 
match the patterns of the regions where the phase-re- 
tardation plate is provided, then it can occur that light 
beams whose polarization direction should be convert- 
ed do not enter the phase-retardation plate or light 
beams whose polarization direction should not be con- 
verted do enter the phase-retardation plate, so that the 
light beams are not aligned to a single polarization plane 
and the polarization efficiency is reduced. 
[0104] Therefore, as shown in Fig. 5(a), in the phase- 
retardation plate 1141 of the present embodiment, the 
polarization conversion portions 1143 are formed only 
at those regions where the transmitted light (or the dif- 
fracted light) from the diffractive optical elements enters 
the glass substrate 1 1 42. These polarization conversion 
portions 1143 are provided with a retardation An, and 
are made of liquid crystal molecules aligned in the di- 
rection indicated by the arrow A. Moreover, when X is 
the wavelength of the light beam to be polarization con- 
verted, the thickness d of the polarization conversion 
portions 1143 is set such that the difference between d 
and An • d / X is X 1 2. Thus, when light beams having a 
polarization plane in the direction indicated by P or S in 
Fig. 5 (that is, a direction at an angle of 45° to the arrow 
A) enter the polarization conversion portions 1143, they 
are converted to light beams with the other polarization 
plane, respectively. 

[0105] By using such a phase- retardation plate 1141 
as the phase-retardation plate 1107 in the polarized il- 
lumination systems of the above-described embodi- 
ments, a high polarization conversion efficiency can be 
attained. More specifically, when such a phase- retarda- 
tion plate 1141 was applied to a polarized illumination 
system in accordance with Embodiment A1 (see Fig. 1), 
and the polarization conversion gain was measured with 
the method described in Embodiment A3, a high polar- 
ization conversion gain of about 1 .4 to 1 .7 was attained. 
[0106] When applying the phase- retardation plate 



1141 to various polarized illumination systems, the pat- 
terns of the regions where the polarization conversion 
portions 1143 are formed should be set in accordance 
with the patterns of the transmitted light beams or the 

5 drff racted light beams that are focused by the integrator 
and incident from the diffractive optical elements. More 
specifically, when converting S-waves (the transmitted 
light beams from the diffractive optical element 1135) 
into P-waves in the polarized illumination system of Em- 

10 bodiment A3 for example, the polarization conversion 
portions 1 1 43 should be provided with the pattern shown 
in Fig. 5(a) for example, but when converting P-waves 
(the diffracted light beams from the diffractive optical el- 
ement 1135) into S-waves, the polarization conversion 

15 portions 1 1 43 should be provided with the pattern shown 
in Fig. 5(b), corresponding to the inverted pattern in Fig. 
5(a). Furthermore, the patterns do not necessarily have 
to match the patterns of the light beams, and it is also 
possible to form the polarization conversion portions 

20 1143 in patterns including the pattern of the light beams, 
as shown in Fig. 5(c) and Fig. 5(d). 
[0107] Referring to Fig. 6, the following is an explana- 
tion of a method for manufacturing such a phase-retar- 
dation plate 1141 using a UV-curing liquid crystal. 

25 

(1 ) First, as shown in Fig. 6(a), two glass substrates 
1142 are rinsed and freed of dust, and then, an 
alignment film material of polyimide or the like is ap- 
plied for example by spin-coating, and an alignment 

30 film 1151 is formed by heating. 

(2) Then, the alignment film 1151 is subjected to a 
rubbing process in a predetermined direction with a 
roller or the like. In this rubbing process, the glass 
substrates are subjected to anti-parallel rubbing 

35 (that is, rubbing is performed along the same axis, 
but in opposite directions). 

(3) Then, beads (not shown in the drawings) are dis- 
tributed over the glass substrate 1142 to maintain 
the cell gap as shown in Fig. 6(b), and after applying 

40 a sealant 1 1 52 to the periphery, the glass substrates 
1142 are laminated together, thus forming a cell 
1155. 

(4) As shown in Fig. 6(c), a UV-curing liquid crystal 
1 1 53 is injected into the cell 1 1 55 in air or in a vac- 

45 uum, forming a liquid crystal cell 1156. 

(5) As shown in Fig. 6(d), a photomask 1154 pro- 
vided with aperture portions 11 54a in one of the pat- 
terns shown in Fig. 5 for example is placed on the 
liquid crystal cell 1156, and UV light of ca. 300nm 

so to 400nm wavelength is irradiated at substantially 
uniform light intensity with a laser or a mercury 
lamp. Thus, the liquid crystal 1153 is cured at only 
the portions corresponding to the aperture portions 
1154a in the photomask 1154. 

55 It should be noted that instead of placing the 

photomask 1154 directly on the liquid crystal cell 
1156, it is also possible to cast the image of a pre- 
determined pattern on the glass substrate 1 1 42 with 
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a lens system. 

(6) As shown in Fig. 6(e), one of the glass sub- 
strates 1142 is stripped off, and rinsing with alcohol 
or acetone, the liquid crystal 1 1 53 that has not been 
exposed and cured is removed. Thus, a phase-re- 5 
tardation plate 1141 is obtained, in which polariza- 
tion conversion portions 1143 are formed in a pre- 
determined pattern on the glass substrate 1142. To 
facilitate the stripping off of only one of the glass 
substrates, different alignment film materials should 10 
be used for the two glass substrates 1142. 

[0108] The method for manufacturing the phase-re- 
tardation plate 1141 is not limited to this method, and it 
is also possible to remove the portions where the polar- 15 
ization conversion portions 1 1 43 are not supposed to be 
formed by first curing the entire liquid crystal 1153 by 
irradiation of UV light that is uniform across the entire 
liquid crystal cell 1156, then stripping one of the glass 
substrates 1142, placing a negatively patterned mask 20 
on the cured liquid crystal 1153, and dry etching with a 
fluorine-based gas or the like. 

[0109] Moreover, instead of an individual substrate for 
the phase-retardation plate, it is also possible to use the 
glass substrate of the diffractive optical element. That is 25 
so say, as shown in Fig. 7, it is also possible to form the 
polarization conversion portions 1143 in the above-de- 
scribed manner on the glass substrate 1 1 42 or to pattern 
the polarization conversion portions 1143 by laminating 
or forming a homogenous phase- retardation film on the 30 
glass substrate 1142 and etching it with a mask, and 
then form the diffractive optical element as shown for 
example in Embodiment B1 (explained below), by ar- 
ranging an optical medium 1 1 45 between the glass sub- 
strate 1142 and the opposing glass substrate 1144 and 35 
exposing it with interference light from the side of the 
glass substrate 1144. 

[0110] When making polarized illumination systems 
having the polarization conversion elements of Embod- 
iment A3 (see Fig. 4) or Embodiment C3 (see Fig. 23) 40 
explained below, using a diffractive optical element 
made in this manner, and measuring the light efficiency, 
it was found that the usage efficiency of light waves with 
aligned polarization planes was improved by about 1 .2. 
to 1 .6 compared to devices in which no polarization con- 45 
version element is used, showing the advantageous ef- 
fect for polarized illumination systems. 
[0111] With this method, it is possible to make a 
phase-retardation plate with detailed periodic structure 
with high precision. Furthermore, it can also be used to so 
make a detailed integrator 1104 without changing con- 
siderably the method for manufacturing the diffractive 
optical element or the configuration of the polarization 
conversion element. This method is promising in that 
can track future technological developments. 55 



Embodiment B1 

[0112] In the previous embodiments, several diffrac- 
tive optical elements as known in the art were used for 
the diffractive optical element 1 1 05 etc., but it is possible 
to improve the light efficiency even further by using a 
diffractive optical element as described below. 
[0113] First, a diffractive optical element is explained, 
that is provided with a periodic structure of a refractive 
index distribution parallel to the surface of the diffractive 
optical element. 

[0114] As shown in Fig. 8, this diffractive optical ele- 
ment 1201 includes polymer columns 1203 (polymer 
walls) arranged at a pitch of approximately 1u,m be- 
tween a pair of transparent insulating glass substrates 

1202 arranged at a spacing of for example 10ujti, and 
a liquid crystal 1204 made of liquid crystal molecules 
aligned in a direction that is perpendicular to the walls 
of the polymer columns 1203. For the polymer columns 

1 203, a cured mixture of monomers or oligomers can be 
used, for example. Furthermore, for the liquid crystal 

1 204, a nematic liquid crystal can be used, for example. 
[0115] The refractive index of such a polymer is usu- 
ally about 1 .5, which is substantially the same as the 
ordinary refractive index No of commonly used nematic 
liquid crystals. Therefore, the refractive index of the liq- 
uid crystal 1204 with respect to incident light beams of 
ordinary light (corresponds to the S-wave in Fig. 8) is 
No, and also the refractive index of the polymer columns 

1203 is about No, so that the diffractive optical element 
1201 behaves like an isotropic medium and transmits 
incident ordinary light rays unchanged. 

[0116] On the other hand, because the liquid crystal 
molecules are arranged perpendicularly with respect to 
the walls of the polymer columns 1203, the refractive 
index of the liquid crystal 1 204 for extraordinary incident 
light beams (corresponding to the P-wave in Fig. 8) is 
Ne. By contrast, the polymer columns 1 203 have no re- 
fractive index anisotropy, so that their refractive index 
stays at No. Consequently, the liquid crystal 1204 and 
the polymer columns 1203 form a periodic structure of 
regions with different refractive indices. Thus, the inci- 
dent extraordinary rays are diffracted into a specified di- 
rection in accordance with this periodic structure (refrac- 
tive index distribution). 

[0117] The liquid crystal 1204 is aligned in the above- 
described manner by a mechanism that will be ex- 
plained below, and has a high diffraction efficiency and 
polarization selectivity. Consequently, it is possible to 
considerably improve the polarization conversion effi- 
ciency and the light efficiency by using this diffractive 
optical element 1201 for the diffractive optical element 
1105 etc. in the previous embodiments. 
[0118] The following is an explanation of a diffractive 
optical element provided with a periodic refractive index 
distribution in a direction perpendicular to the surface of 
the diffractive optical element (i.e. in thickness direc- 
tion). 
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[0119] As shown in Fig. 9, this diffractive optical ele- 
ment 1301 includes polymer layers 1303 arranged at a 
pitch of approximately 1u.m between a pair of transpar- 
ent insulating glass substrates 1302 arranged in oppo- 
sition at a spacing of for example 1 0u.m, and liquid crys- 
tal layers 1304 made of liquid crystal molecules aligned 
in a direction that is perpendicular to these polymer lay- 
ers 1303. For the polymer layers 1303 and the liquid 
crystal layers 1 304, the same materials as in the above- 
described diffractive optical element 1201 can be used. 
[0120] By providing such a periodic structure in the 
thickness direction, the Bragg diffraction condition ap- 
plies. That is to say, when light with a certain wavelength 
is incident on the layers forming this periodic structure, 
the effect occurs that the scattered components of light 
that is scattered at the layers are reinforced in a certain 
direction that depends on the wavelength, the angle of 
incidence, and the pitch between the layers. This is 
called the Bragg condition, and turning a conventional 
two-dimensional diffractive optical element into a three- 
dimensional structure, it is used to attain a blazing effect 
(deviating light in a certain direction). Consequently, it 
can greatly improve the diffraction efficiency over con- 
ventional diffractive optical elements, and a theoretical 
efficiency of 100% can be attained. (The calculated re- 
sult of this theoretical diffraction efficiency is taught in 
the analysis of H . Kogelnik (Bell Syst. Tech. J. , 48, 1 969, 
pp. 2909 - 2947).) 

[0121] Also the diffractive optical element 1 301 has a 
similarly high diffraction efficiency and polarization se- 
lectivity as the above-described diffractive optical ele- 
ment 1201 . Consequently, it is possible to improve the 
polarization conversion efficiency and the light efficien- 
cy considerably by using the diffractive optical element 
1301. 

[0122] The following explains a method for making 
such a diffractive optical element, with reference to Fig. 
10. 

[0123] First, the glass substrates 1 202 are rinsed and 
freed of dust, and then, an optical medium of liquid crys- 
tal mixed with a polymer precursor is dripped on one 
glass substrate 1202 with a spatula or the like, the other 
glass substrate 1202 is laminated on top of that, and the 
optical medium is sealed in the gap between the two 
glass substrates 1 202, thus producing a liquid cell (sam- 
ple). 

[0124] For the optical medium, a nematic liquid crystal 
can be used, and for the polymer precursor, a mixture 
of monomers or oligomers can be used, for example. 
More specifically, it is possible to use phenylglycidil 
ether acrylate hexamethylene diisocyanate urethane 
prepolymer, 2-hydroxyethyl methacrylate, dimethyloltri- 
cyclodecane diacrylate or the like. The liquid crystal that 
was used in this embodiment (TL21 6 by Merck) has pos- 
itive dielectric anisotropy, but it is also possible to use 
liquid crystal with negative dielectric anisotropy. Moreo- 
ver, as the optical medium having refractive index ani- 
sotropy, it is possible to use uniaxial electrooptical crys- 



tals such as lithium niobate, KD 2 P0 4 , p-BaB 2 0 4 , or 
PLZT, or media including biaxial optical crystals such as 
KTiP0 4 and having refractive index anisotropy. Moreo- 
ver, it is also possible to add n-phenylg!ycine as a pho- 

5 topolymerization initiator, or dibromofluoresceine or the 
like as a pigment for absorbing laser light with a wave- 
length near 51 5nm. Moreover, in orderto maintain a uni- 
form cell gap, it is also possible to add beads of several 
jim to several dozen u.m diameter. 

10 [0125] The liquid crystal formed in this manner is then 
exposed with laser light, using interference fringes. For 
the laser light, it is possible to use light of about 515nm 
emitted from an Ar laser, for example. After this light has 
been widened to a beam of 30mm to 50mm diameter or 

15 30mm to 1 00mm diameter with a beam expander, it is 
divided into two light beams with a beam splitter, and 
guided over a predetermined path by a combination of 
mirrors, forming interference fringes with a pitch of, for 
example, about 1 ^un irradiated on the liquid crystal cell. 

20 The irradiated light intensity with this Ar laser is set to, 
for example, about 50mW to 100mW. 
[01 26] The pitch "p" of the interference fringes formed 
on the liquid crystal cell depends on the intersection an- 
gle e of the two laser beams incident after passing 

25 through the mirrors, and the wavelength X of the laser 
light: 



(Equation 1) p= A./2sin9 



30 



[0127] This means, the pitch of the interference fring- 
es formed on the liquid crystal cell becomes lower when 
the interference angle of the two light beams becomes 
larger, or when the wavelength of the laser light be- 
35 comes shorter. 

[0128] Moreover, the diffraction direction (diffraction 
angle) of the light beam incident on the resulting diffrac- 
tive optical element can be adjusted with the setting an- 
gle of the liquid crystal cell during exposure. For exam- 
40 pie, if each of the two light beams is incident at an angle 
of 15°, symmetrically with respect to the normal on the 
glass substrates 1202 of the liquid crystal cell, which 
means that the interference angle (exposure angle) is 
30°, then the pitch of the interference fringes according 
45 to Equation 1 is 1|xm, and the direction of the grating 
(polymer columns 1 203) is formed perpendicular to the 
glass substrate surface. If on the other hand, the liquid 
crystal cell is set at a tilt angle of 15°, then the grating 
pitch is the same at 1 urn, but the grating is formed in a 
so direction tilted 15° with respect to the normal on the 
glass substrate 1202. In that case, P-waves incident 
perpendicularly on the glass surface of the diffractive 
optical element 1105 are diffracted into a direction 30° 
to the left (that is, 30° in a direction opposite to the di- 
55 rection in which the liquid crystal cell is tilted) of the prop- 
agation direction. In this manner, the diffraction direction 
can be adjusted by adjusting the setting angle of the liq- 
uid crystal cell during the laser exposure. Moreover, as 
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explained for Embodiment A1 , when making a diffrac- 
tive optical element for diffraction in directions that are 
symmetric with respect to a plane including the optical 
axis, depending on where the light beams are incident, 
the setting angle of the liquid crystal cell should be 
changed symmetrically and performed with two expo- 
sures. More specifically, first, either the left or the right 
half of the liquid crystal cell is covered with a mask, so 
that it is not irradiated with laser light, and exposure is 
performed with a setting angle of 15°. Then, the mask 
is positioned on the other half, the setting angle is 
changed to -15°, and the region that was not exposed 
at the first exposure is exposed. With this method, a dif- 
fractive optical element can be produced, in which the 
diffraction directions are symmetrical in the regions on 
the left and the right of the optical axis. The diffractive 
optical element produced in this manner is a single ele- 
ment whose diffraction direction differs depending on 
the position where the light beam is incident, so that a 
diffractive optical element with simple configuration and 
high uniformity can be obtained. Furthermore, by chang- 
ing the tilting direction of the liquid crystal cell or chang- 
ing the setting angles into large and small angles, it is 
possible to produce the various diffractive optical ele- 
ments explained in Embodiments A1 and A3. 
[0129] The liquid crystal cell is exposed for about 5min 
with the interference fringes of the laser light while keep- 
ing the liquid crystal cell at a predetermined temperature 
with a temperature control device including a Peltier el- 
ement, for example. The predetermined temperature 
can be, for example, the temperature range of about 
50°C to 70°C, but this aspect will be explained in more 
detail further below. The exposure time is adjusted with 
a shutter provided in the light path of the laser light. With 
such an exposure, the diffractive optical element 1201 
can be formed in a process of roughly two stages. 
[0130] This means, when the exposure begins (first 
stage), the curing of the polymer precursor begins at the 
bright sections with high light intensity of the interfer- 
ence fringes caused by the interference of the two laser 
beams. In this step, polymer columns 1203 are formed 
in a periodic arrangement, as shown in Fig. 1 0(a). At the 
same time, since the liquid crystal does not undergo a 
curing reaction due to the laser exposure, it is pushed 
out from the cured polymer regions, and accumulates 
in the dark regions where the light intensity is weak. This 
means, a phase separation into polymer and liquid crys- 
tal occurs, and a periodic density distribution of polymer 
and liquid crystal is created. In the portions where the 
density of the liquid crystal is high, the average value of 
the refractive index is higher than in the portions of the 
polymer columns 1203, so that a periodic refractive in- 
dex distribution is created. The diffractive behavior of 
such a cell depends on the refractive index distribution. 
However, the liquid crystal is not aligned, so that it has 
no portions with refractive index anisotropy, and it 
seems that it is not polarization selective, transmitting 
or diffracting incident light beams depending on their po- 



larization. 

[0131] As the exposure proceeds (second stage), the 
liquid crystal molecules that have accumulated in the 
dark portions are uniformly aligned macroscopically in 

s a direction that is perpendicular to the walls of the cured 
polymer columns 1203, as shown in Fig. 10(b). The 
cause for this is that in the entire element, a stress dis- 
tribution occurs somewhat abruptly between the poly- 
mer layer and the liquid crystal layer, because the pol- 

10 ymer columns are formed periodically in microscopic re- 
gions, whereas the liquid crystal is not cured. It seems 
that the alignment of the liquid crystal is determined by 
these physical factors. Thus, the cell is provided with a 
periodical structure, in which polymer columns 1203 and 

is liquid crystal 1204 with refractive index anisotropy are 
alternated periodically, so that the cell is polarization se- 
lective and its diffractive behavior depends on the po- 
larization components of the incident light beams (being 
strongly diffractive for incident P-waves), as described 

20 above. 

[0132] It should be noted that in the two stages of this 
exposure process, the same effect is attained if during 
the exposure the intensity of the laser light is changed, 
or the amount of photopolymerization initiator or pig- 

25 ments is changed. 

[0133] The diffractive optical element 1201 is com- 
pleted by irradiating substantially uniform light for about 
5min with a mercury lamp on the cell formed as de- 
scribed above, and curing the uncured portions of the 

30 precursor throughout the entire cell. 

[0134] As mentioned above, the diffractive optical el- 
ement produced in this manner has a high diffraction 
efficiency and polarization selectivity, but it seems that 
these are heavily influenced by the temperature at the 

35 time of exposure. The following describes how the dif- 
fraction efficiency depends on the exposure tempera- 
ture. 

[0135] First, itisexplained howthe intensity of diffract- 
ed light with respect to polarized light changes as the 

40 exposure process proceeds, for an exposure performed 
at room temperature and an exposure at higher temper- 
atures. In order to deduce the formation process of the 
internal grating structure of the diffractive optical ele- 
ment, the temporal change of the diffraction light inten- 

45 sity of incident P-wave and S-wave light (from a He-Ne 
laser) was examined for different temperatures during 
the laser exposure. (Here, this monitoring was per- 
formed by using, for the incident light, weak He-Ne laser 
light of 633nm wavelength, which is outside the absorp- 

50 tion band of the liquid crystal sample, so that it does not 
affect the formation of the grating.) Fig. 11 shows the 
results that were obtained at room temperature and at 
a temperature of 65°C. In one case, the laser exposure 
was performed while keeping the test material and the 

55 glass substrate at room temperature, without heating 
the isothermal plate and the Peltier element. In the other 
case, a sample was assembled heating the test material 
and the glass substrate to 65°C, this sample was at- 
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tached to a support that was adjusted to the same tem- 
perature with a Peltier element, and the sample was ex- 
posed with laser light. In both cases, the same test ma- 
terial (liquid crystal TL216) was used. 
[0136] As a result, it was found that when the process 
temperature was room temperature, the diffraction light 
intensity when irradiating S-polarized light on the sam- 
ple after the laser light exposure, was much larger than 
when irradiating P-polarized light. The temporal change 
of the monitoring light during the production can be 
broadly classified into three regions: a region afollowing 
the begin of the laser light exposure, in which no grating 
formation reaction occurs inside and in which the diffrac- 
tion light intensity stays substantially the same, a region 
b, in which the diffraction light intensity increases over 
time, and a region c, in which the diffraction light inten- 
sity becomes saturated and stays substantially the 
same. These changes were the same for P-polarized 
light and for S-polarized light. This process resembles 
the formation by interference fringes with phase sepa- 
ration into liquid crystal and polymer as disclosed in R. 
L. Sutherland, L. V. Natarajan, and V. P. Tondiglia, 
Chem. Mater. Vol. 5, 1993, pp. 1533-1538, and there is 
no strong dependency on the polarization characteris- 
tics of the incident light wave. 

[0137] On the other hand, when the process temper- 
ature was 65°C, the temporal change of the monitoring 
light intensity can be classified into four regions: a region 
a following the begin of the laser light exposure, in which 
no reaction occurs and in which the diffraction light in- 
tensity stays substantially the same, a region b, in which 
the diffraction light intensity increases over time, a re- 
gion b'\n which the rate of increase of the diffraction light 
intensity increases sharply, and a region c, in which the 
diffraction light intensity becomes saturated and stays 
substantially the same. In this case of a 65°C process 
temperature, the temporal change of the diffraction light 
intensity is very different depending on the polarization 
characteristics of the incident light wave. That is to say, 
P-waves and S-waves alike display similar changes in 
the regions "a" and "b", but they are very different in the 
region b\ The diffraction light intensity increases sharply 
for incident P-waves, whereas it decreases for S-waves. 
In this region, the change of the diffraction efficiency is 
very different depending on the polarization direction of 
the incident light, and it seems that this is because the 
reaction proceeds inside, increasing the birefringence. 
[0138] As shown in the model of the formation proc- 
ess of the grating during the laser exposure in Fig. 1 0, 
the liquid crystal molecules align themselves with re- 
spect to the cured polymer columns, forming a grating, 
and it seems that as a result, a strong polarization de- 
pendency with respect to incident light develops. It thus 
became clear that the process temperature is an impor- 
tant parameter in achieving a polarization dependency 
as shown by the region b' in Fig. 11 . 
[0139] As shown in Fig. 11, the efficiencies PV and 
SV change drastically with the process temperature. 



Near room temperature (23°C), the diffraction efficiency 
of S-waves is higher. On the other hand, at 65°C, the 
diffraction efficiency of P-waves increases and becomes 
larger than that of S-waves. The fact that the diffraction 
efficiency of S-waves is larger at room temperature can 
be explained by assuming that the liquid crystal mole- 
cules become parallel to the polymer columns. This is 
shown in Fig. 10(c). As the temperature increases, it ap- 
pears that the liquid crystal molecules align perpendic- 
ularly with respect to the polymer columns, as shown in 
Fig. 10(b). It seems that the reason why the alignment 
direction of the liquid crystal changes with the process 
temperature is because the viscosity of the liquid crystal 
depends on the temperature, and when forming a peri- 
odic structure by curing a polymer as described above, 
a periodic stress distribution based on the volumetric 
shrinkage coefficient occurs, and the orientational 
changes of the liquid crystal molecules occur due to this 
physical behavior. 

[0140] Thefollowing explains the relation between the 
N-l transition temperature of the liquid crystal, the proc- 
ess temperature, and the diffraction efficiency. 
[0141] Several samples were prepared, varying the 
temperature at which the substrate was kept during the 
laser light exposure of the liquid crystal sample. For the 
liquid crystal material, a liquid crystal with an N-l transi- 
tion temperature of 80°C and a liquid crystal with an N- 
l transition temperature of 113°C were used. Fig. 12 il- 
lustrates the evaluation results of substrate temperature 
during laser exposure and diffraction efficiency for the 
resulting diffractive optical elements. Here, the diffrac- 
tion efficiency was evaluated using green laser light of 
544nm wavelength, changing the polarization of the in- 
cident light with a polarizer. In Fig. 12, PV illustrates the 
light intensity ratio of the light that does not simply pass 
through the element but is diffracted into a certain direc- 
tion for incident P-waves. Similarly, SV illustrates the 
same ratio for incident S-waves. The larger the ratio be- 
tween the efficiencies PV and SV (that is, when one is 
close to 1 00% and the other one close to 0%), the larger 
is the ability to polarization separate incident light, and 
the better are the properties as a diffractive optical ele- 
ment for the present invention. 

[0142] According to Fig. 12, the efficiencies PV and 
SV depend strongly on the process temperature, and at 
low temperatures of near room temperature (25°C) to 
ca. 40°C, the diffraction efficiency for S-waves is high. 
When the temperature is raised further, the diffraction 
efficiency for P-waves increases, and both (a) and (b) 
exhibit a peak near a certain temperature. The peak ef- 
ficiency of PV is at about 80% and is higher than that of 
SV. 

[0143] It seems that the diffraction characteristics for 
S-waves are large when the liquid crystal molecules are 
J aligned in parallel to the polymer columns, that is, dif- 
ferent than in Fig. 8. Apparently the alignment direction 
of the liquid crystal changes with the process tempera- 
ture, because the viscosity of the liquid crystal changes 
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with the temperature, altering the ratio of the liquid crys- 
tal molecules that shift in response to the stress distri- 
bution in the process of forming a periodic structure by 
curing the polymer as described above. 
[01 44] That is to say, as the temperature rises, the vis- 5 
cosity of the liquid crystal decreases, and the liquid crys- 
tal can shift more easily, so it appears that the orientation 
of the liquid crystal changes considerably until it is ori- 
ented substantially perpendicularly with respect to the 
polymer columns, as shown in Fig. 8. Moreover, it 10 
seems that the peak of the efficiency with respect to the 
temperature is due to the existence of a state in which 
physical forces resulting from stress and the viscosity of 
the liquid crystal are balanced, or, when the temperature 
is high, the liquid crystal molecules can move too easily, 15 
so that it becomes difficult to align them all in the same 
direction, thus reducing the efficiency. 
[0145] Furthermore, in Fig. 12, it can be seen that the 
temperature at the peak of PV is at about 65°C when 
the N-l transition point of the liquid crystal is 80°C (see 20 
Fig. 1 2(a)), and about 85°C when the N-l transition point 
of the liquid crystal is 113°C (see Fig. 12(b)). This shows 
that the process temperature at which the efficiency of 
the diffractive optical element peaks increases together 
with on the N-l transition point of the liquid crystal, mak- 25 
ing it very important to control the process temperature 
in accordance with the N-l transition point of the liquid 
crystal. 

[0146] Fig. 1 3 shows how the diffraction efficiency de- 
pends on the temperature after the production of the dif- 30 
tractive optical element. As shown in Fig. 13, changes 
in the diffraction efficiency in response to temperature 
changes are reversible, there is no hysteresis, and a 
high diffraction efficiency and polarization selectivity can 
be maintained over a temperature range of ca. 20 to 35 
70°C. 

[0147] The following is an explanation of the relation 
between the diffraction efficiency, the incidence angle of 
the light beams, and the contrast. 

[0148] The diffraction and transmission characteris- 40 
tics of a diffractive optical element prepared as de- 
scribed above were determined with green light (of 
544nm wavelength from a He-Ne laser). When irradiat- 
ing P -polarized light, the diffraction characteristics were 
extremely good, with a maximum diffraction efficiency 
of ca. 90%, and a transmission component that was less 
than 1%. When irradiating S-polarized light, the trans- 
mission characteristics were extremely good, with a dif- 
fraction ratio of less than 0.1 % and a transmittivity of ca. 
95% (other light components were lost for example by so 
reflections at the substrate surface). Thus, it was con- 
firmed that the resulting diffractive optical element had 
good polarization separation properties and a high dif- 
fraction efficiency. 

[0149] Fig. 1 4(a) shows the results of a measurement 5 5 
of the dependency of the diffraction efficiencies (P1 1 , 
SV) on the incidence angle, for red, green and blue 
wavelengths. The peak for green light is near 15°, which 



corresponds to the exposure angle of the laser expo- 
sure. The peak for blue light is at 13°, and the peak for 
red light is at 1 7°, above and below the peak for green 
light. Furthermore, for green light, the PV efficiency is 
80% or higher over a incidence angle range of 15° ± 
2.5°. 

[0150] On the other hand, regarding the S1' efficiency, 
it can be seen that at all incidence angles there is hardly 
any diffraction for red, green and blue light, which is in- 
stead transmitted. 

[0151] Furthermore, near an incidence angle of 15°, 
the intensity ratio of P1 ' to S1 ' was 500:1 . 
[0152] Fig. 14(b) shows the results for the efficiencies 
of the same samples as above, using a light source of 
white parallel light. The measurement was performed 
using for the white light source a cold cathode lamp 
whose light was collimated to about <|> = 10mm with a 
beam expander, and was incident on an exposure re- 
gion of a hologram sample. The efficiencies were eval- 
uated in the same manner as above, using a laser. A 
photometer was used as the detector. Incident S-polar- 
ized light was transmitted without chromatic separation, 
but with growing distance the P-polarized light emitted 
from the sample was chromatically separated into red, 
blue and green, in accordance with diffractive behavior. 
Therefore, the intensity was detected at a region where 
the red, green and blue light was substantially overlap- 
ping. 

[0153] The graph shown in Fig. 14(b) has a smooth 
peak near an incidence angle of 15°, and the P1 1 effi- 
ciency is about 80% over a incidence angle range of 1 5° 
± 2.5°. On the other hand, it can be seen that there is 
substantially no diffraction for SV. Thus, it was found 
that also for white parallel light, a high PV efficiency of 
at least 80% and good polarization separation charac- 
teristics are attained. 

[0154] Furthermore, as shown in Fig. 15, it can be 
seen that the ratio of P17 SV, that is, the contrast, is 
maintained at a substantially constant value, regardless 
of the incidence angle. 

[0155] For illustrative reasons, the foregoing exam- 
ples have been explained for periodic structures in di- 
rections parallel to the substrate surface, but providing 
the thickness direction of the liquid crystal cell with a 
intensity distribution of the laser light, it is similarly pos- 
sible to produce a diffractive optical element 1301 with 
a layering structure as shown in Fig. 9, and to attain sim- 
ilar characteristics. 

Embodiment B2 

[0156] The following is an explanation of another ex- 
ample of a diffractive optical element provided with a pe- 
riodic structure of a refractive index distribution in a di- 
rection perpendicular to the surface of the diffractive op- 
tical element (thickness direction), and a method for 
manufacturing the same. 

[01 57] Fig. 1 6 is a cross-sectional view of the internal 
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configuration of a diffractive optical element 2501 . The 
diffractive optica! element 2501 is made of an optical 
medium having an anisotropic refractive index. 
[01 58] This element has a layered structure that is pe- 
riodic in thickness direction with respect to a surface to 
which light is incident. In one type of the adjacent layers, 
the optical axis of the optical medium, which has an an- 
isotropic refractive index, is arranged parallel to the sur- 
face of the diffractive optical element 2501 , and in the 
other type of layers, it is arranged perpendicularly to the 
surface. 

[0159] Let us consider what happens when light en- 
ters an optical medium with anisotropic refractive index. 
When light whose polarization direction is parallel to the 
optical axis of the optical medium enters the optical me- 
dium, then that light is extraordinary light, so that the 
refractive index for that light is Ne. For ordinary light, 
whose polarization direction is perpendicular to the op- 
tical axis of the optical medium, the refractive index is 
No. Here, Ne is larger than No. 

[0160] Next, let us consider what happens when ordi- 
nary light (S-wave) with a polarization that is perpendic- 
ular to the paper plane and extraordinary light (P-wave) 
with a polarization that is parallel to the paper plane en- 
ters the diffractive optical element 2501 in Fig. 16. 
[01 61 ] First, in the case of ordinary light, the polariza- 
tion is perpendicular to the optical axis of the optical me- 
dium in each of the layers. Therefore, the refractive in- 
dex is No for all layers, regardless of the direction of the 
optical axis in the layers. This is equivalent to a medium 
with a uniform refractive index of No, so that incident 
ordinary light is not subjected to diffraction but straight- 
forwardly transmitted, as shown in Fig. 16. 
[0162] Now let us consider the case of incident ex- 
traordinary light. In layers, in which the optical axis of 
the optical medium with anisotropic refractive index is 
parallel to the incidence plane, the polarization of the 
incident light is parallel to the optical axis. Thus, this cor- 
responds to the case of light passing through a layer 
with a refractive index Ne. For layers in which the optical 
axis of the optical medium is perpendicular to the inci- 
dence plane of the diffractive optical element 2501 , the 
polarization is perpendicular to the optical axis, so that 
these layers behave like layers with a refractive index 
No. Therefore, extraordinary light that is incident on the 
diffractive optical element 2501 passes through a plu- 
rality of layers with periodically differing refractive indi- 
ces in the thickness direction, which is the propagation 
direction of the incident light. As a result, incident light 
rays are subjected to a so-called Bragg diffraction, in 
which light is collected in a certain direction that de- 
pends on the periodic pitch of the layers. As shown in 
Fig. 16, extraordinary light is reflected by the layering 
structure formed inside the diffractive optical element 
2501 , and its light path is diverted toward the upper right 
in the paper plane. 

[0163] Consequently, also with a diffractive optical el- 
ement 2501 configured like this, it is possible to attain 



high diffraction efficiency and polarization selectivity, as 
with the diffractive optical element of Embodiment B1 . 
[0164] Such a diffractive optical element 2501 can be 
made by layering the periodic structure by spin-coating 
5 a UV-curing liquid crystal, for example. 

[0165] First, as shown in Fig. 17(a), an alignment film 
made of a polymer, such as polyimide, was applied by 
spin-coating on a glass substrate 2502, that has been 
rinsed and freed of dust, and a horizontal alignment film 
10 2503 was formed in a heating process. Then, this hori- 
zontal alignment film 2503 was rubbed in a predeter- 
mined direction with a roller or the like. 
[01 66] Next, this glass substrate 2502 was placed on 
a spinner 2510, as shown in Fig. 17(b), and a UV-curing 
15 liquid crystal including for example a photopolymerizing 
liquid crystal monomer or a photocrosslinking liquid 
crystal polymer was applied by spin-coating. The film 
thickness was ca. 100Oto 10000A. Then r UV light was 
irradiated on this film as shown in Fig. 17(c), and the 
liquid crystal molecules were cured in an orientation par- 
allel to the substrate, thus forming a horizontally aligned 
liquid crystal layer 2504. This curing process was per- 
formed in an atmosphere of an inert gas, such as nitro- 
gen, so that it is not obstructed by the oxygen in air. 
[01 67] After that, a vertical alignment film 2505 for ar- 
ranging the liquid crystal molecules vertically with re- 
spect to the substrate was formed on top of the cured 
liquid crystal, as shown in Fig. 17(d). 
[0168] Then, the glass substrate 2502 was again 
placed on a spinner 2510 as in Fig. 17(b), and a UV- 
curing liquid crystal was applied and cured in the same 
manner to form a vertically aligned liquid crystal layer 
2506. Before continuous layer formation, only one hor- 
izontally aligned layer and one vertically aligned layer 
each were formed on a separate glass substrate, and 
placing this sample under a cross nicol polarizer, it was 
confirmed with a microscope that the UV-curing liquid 
crystal was aligned horizontally or vertically. 
[0169] Repeating these steps, a multilayer structure 
as shown in Fig. 17(e) was formed, in which liquid crystal 
molecules that are horizontally oriented with respect to 
the substrate are arranged in alternation with liquid crys- 
tal molecules that are vertically oriented with respect to 
the substrate. With this process, a diffractive optical el- 
ement like the one shown in Fig. 16 was obtained. 
[0170] When green laser light of 544nm wavelength 
was irradiated on a diffractive optical element 2501 pro- 
duced as described above and the diffraction efficiency 
was evaluated for varying angle of incidence, it was 
found that S-waves were substantially transmitted, 
whereas only P-wave components were reflected, and 
a multilayer structure was formed with different align- 
ment directions of the liquid crystal molecules. Further- 
more, although P1 ' decreased when changing the inci- 
dence angles of the light beams, SV did not increase, 
and the contrast was independent on the angle of inci- 
dence. 
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Embodiment B3 

[0171] The following is an explanation of yet another 
example of a diffractive optical element provided with a 
periodic structure of a refractive index distribution in a 
direction perpendicular to the surface of the diffractive 
optical element (thickness direction), and a method for 
manufacturing the same. 

[0172] When layering a UV-curing liquid crystal by 
spin-coating as in the previous Embodiment 32, the liq- 
uid crystal molecules were not layered alternately in hor- 
izontal alignment and vertical alignment, but only in one 
orientation, namely in horizontal alignment. The appli- 
cation of the first liquid crystal layer was performed as 
in Embodiment B2. 

[0173] For the liquid crystal of the second layer, a liq- 
uid crystal was used, whose ordinary refractive index 
was the same at approximately 1 .5, whereas the ex- 
traordinary refractive index was about 0.1 larger. More 
specifically, a liquid crystal with No: 1.48, Ne: 1 .55 was 
used for the first layer, whereas a liquid crystal with No: 
1 .48, Ne: 1 .65 was used for the second layer. 
[0174] Because the alignment directions of the liquid 
crystal in the first layer and the second layer are the 
same, only one kind of alignment film suffices, and the 
periodic structure can be much simpler than when dif- 
ferent alignments are used in alternation. Moreover, 
aligning the liquid crystal that has been applied on the 
first rubbed alignment film also imparts some alignment 
to the second and further layers, so that there is also the 
possibility of omitting the formation of alignment films 
before applying the next liquid crystal, thus yielding an 
accurate manufacturing method that is simpler than that 
of Embodiment B2. 

[0175] Fig. 1 8 is a schematic diagram of a diffractive 
optical element 2501 obtained with the above steps. The 
liquid crystal of the first layer and the liquid crystal of the 
second layer are aligned in the same direction, and have 
different extraordinary refractive indices. Let us consid- 
er the case that a light wave as shown in Fig. 1 6 enters 
this element. For an incident S-wave, the liquid crystal 
of the first layer and the liquid crystal of the second layer 
have the same ordinary refractive index of 1 .48, so that 
the element can be regarded as an isotropic medium, 
through which the S-wave is transmitted straightfor- 
wardly, without being subjected to diffraction. 
[0176] For an incident P-wave, the extraordinary re- 
fractive index of the first layer is 1 .55, and the extraor- 
dinary refractive index of the second layer is 1 .65, giving 
a refractive index difference of 0.1 . Therefore, P-waves 
are diffracted by the periodic structure of alternate layers 
of liquid crystal, and emitted in a direction reflected at 
the substrate, as in Fig. 16. 

[0177] The diffraction efficiency of this diffractive op- 
tical element was evaluated in the same manner as in 
Embodiment B2. As a result, it showed the characteris- 
tics that S-waves are transmitted and P-waves are re- 
flected. Furthermore, regarding the dependency on the 



angle of incidence, it was fou nd that S-waves decreased 
as the angle of incidence changed, and the contrast was 
substantially independent from the angle of incidence. 

5 Embodiment B4 

[0178] The following is an explanation of a manufac- 
turing method with which the diffraction efficiency can 
be improved even further in a diffractive optical element 
10 provided with a periodic structure of a refractive index 
distribution along a direction parallel to the surface of 
the diffractive optical element as shown in Embodiment 
B1 (Fig. 8). Thai is to say, in the manufacturing method 
of Embodiment 8, an alignment film made of a polymer 
15 is applied to a glass substrate, the alignment film is 
rubbed, and then it was attempted to form a periodic 
structure by laser irradiation. This process is explained 
in more detail in the following. 

[01 79] First, a glass substrate was provided, and after 
20 rinsing the glass substrate to free it from dust, an align- 
ment film made of a polymer, such as polyimide, was 
applied by spin-coating and heated to form an alignment 
film on the substrate. Then, the alignment film was sub- 
jected to a rubbing process in a predetermined direction 
25 with a roller or the like. In this rubbing process, the pair 
of glass substrates shown in Fig. 8 was subjected to an- 
ti-parallel rubbing (that is, rubbing is performed along 
the same axis, but in opposite directions). 
[0180] Using glass substrates 3101 that have been 
30 treated in this manner, a test material made of the same 
liquid crystal and polymer as in Embodiment B1 was 
dripped on one of the glass substrates, and a cell was 
assembled, beads were selected from a range of about 
3|im to 10ujn in diameter to adjust the cell thickness. 
35 [0181] Furthermore, two types of cells were prepared: 
one, in which the periodic structure formed by laser ex- 
posure was parallel to the rubbing direction of the align- 
ment film, and one, in which it was perpendicular to the 
rubbing direction of the alignment film. 
40 [0182] The efficiency of the prepared samples was 
evaluated by irradiating P-wave and S-wave laser light, 
as in Embodiment B1 . As a result, it was found that sam- 
ples with a cell thickness of about 10u.m had a high dif- 
fraction efficiency for P-waves and transmitted substan- 
45 tially all of the S-waves, and had substantially no de- 
pendency on the rubbing process direction of the glass 
substrates. 

[0183] In samples with a cell thickness of about 5u.m, 
the diffraction efficiency for P-waves and S-waves was 
50 dependent on the direction of the rubbing process. 
[0184] When the direction of the rubbing process was 
perpendicular to the alignment direction of the liquid 
crystal molecules in Fig. 8 (that is, the direction vertical 
on the paper plane), then for P-waves, the transmittivity 
55 was larger than the diffraction efficiency, whereas for S- 
waves, the diffraction efficiency was larger than the 
transmittivity. Furthermore, if the rubbing process was 
performed in the same direction as the liquid crystal 
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alignment in Fig. 8, then good optical characteristics 
were attained, at which at least 95% of the S-wave was 
transmitted, whereas the P-wave diffraction efficiency 
was higher than 90%. 

[0185] When the cell thickness of the sample was 
about 3ujti, the dependency of the P-wave and S-wave 
diffraction efficiencies on the rubbing process direction 
was larger than for 5u,m beads. However, the diffraction 
efficiencies were maximally about 60%, and diffraction 
light in other directions increased. 
[0186] Thus, it can be seen that the effect of the rub- 
bing direction becomes larger as the cell thickness of 
the samples becomes smaller. It seems that this is so, 
because when the cell is thick, the rubbing exerts an 
alignment-regulating force on the substrate surface, and 
its effect on the liquid crystal molecules in the middle of 
the cell is small when the cell is thick. 
[0187] On the other hand, it seems that when the cell 
thickness is small, the alignment-regulating force on the 
substrate surface becomes dominant, and exceeds 
such physical factors as the stress occurring during the 
formation of the periodic structure mentioned in Embod- 
iment B1 . When the cell thickness decreases to a value 
that is about equivalent to the pitch of the periodic struc- 
ture, then the effect of the Bragg diffraction explained in 
Embodiment B1 is diminished, so that the diffraction ef- 
ficiency decreases. It seems to be important to take this 
into consideration when designing the diffractive optical 
element. With this production example, for a periodic 
pitch of 1 u.m, a control by rubbing seems to be possible 
to a certain degree while maintaining a relatively high 
diffraction efficiency at a cell thickness of about 5jom. 
[0188] This method is also advantageous when the 
pattern of the periodic structure is not a simple grating 
structure, but when forming a pattern having a certain 
shape, in order to make the alignment direction of the 
liquid crystal molecules independent from the grating 
shape, in order to set a desired polarization dependency 
for the incident light wave. 

Embodiment B5 

[0189] The following is an explanation of method for 
forming a diffractive optical element, in which exposure 
is performed using a photomask with a predetermined 
pattern, different from the formation of the microscopic 
periodic structure in u.m — order by interference of two 
laser beams. 

[0190] As shown in Fig. 1 9, the same optical medium 
3602 as in Embodiment B1 is disposed in the region 
sandwiched a pair of glass substrates 3101 . 
[0191] One of these glass substrates is partially irra- 
diated using a photomask 3601 . For illustrative reasons, 
Fig. 19 shows a gap between the photomask 3601 and 
the glass substrate 31 01 , but needless to say, it is pos- 
sible to place the photomask 3601 directly on the glass 
substrate, or a pattern can be imaged on the glass sub- 
strate with a lens system. 



[0192] The following explains the process of irradia- 
tion using the photomask 3601. The photomask 3601 
shown in Fig. 19 has apertures only at the periphery of 
the glass substrate and light passes only through this 

5 portion. When substantially uniform laser light or light 
from a mercury lamp orthe like of less than about 51 5nm 
is irradiated onto this portion, the polymer below the 
glass substrate corresponding to this irradiated region 
begins to cure, and columns 3603 (walls) are formed on 

10 both sides (i.e. the perimeter). 

[0193] Then, the photomask 3601 is removed, and an 
intensity distribution is irradiated corresponding to the 
interference fringes resulting from the interference of 
two laser beams as in Embodiment B1, forming a peri- 
ls odic structure in u.m-order. 

[0194] When light is irradiated with a photomask 3601 
in such a step and the periphery of the glass substrate 
is cured, then only the peripheral portion is selectively 
sealed with a polymer layer. This process is equivalent 

20 to the steps of applying a new UV-curing resin or the like 
to the periphery of the prepared sample, and curing it 
with UV light. Consequently, the sealing properties of 
the element can be conserved, and the reliability in hu- 
mid environments can be increased. 

25 [0195] Furthermore, pre-forming polymer columns at 
the periphery also keeps the cell thickness uniform 
throughout the entire sample. Thus, the cell thickness 
is kept uniform over the entire substrate when subse- 
quently making the microscopic periodic structure. 

30 Thus, the periodic structure is formed uniformly not only 
at the center but also at the periphery, and the diffraction 
efficiency is improved for the entire element. 
[0196] Moreover, it is also conceivable to perform the 
exposure using a photomask with a pattern including a 

35 plurality of the patterns of the photomask 3601 at a pitch 
of, for example, approximately 1mm to several dozen 
mm. After performing the exposure with the photomask 
3601 , the microscopic periodic structure is formed, and 
samples are obtained as in Embodiment B1 . The ob- 

40 tained diffractive optical element samples are cut into 
portions whose periphery has been sealed by the pho- 
tomask 3601 . Thus, it is possible to produce with one 
process a plurality of diffractive optical element samples 
of relatively small or microscopic size that have the 

45 same characteristics. That is to say, since the periphery 
is already sealed with a polymer layer, there is no risk 
of liquid crystal leaking out when cutting the glass, thus 
degrading the properties of the element. This method is 
effective when producing numerous diffractive optical 

50 element of relatively small or microscopic size, such as 
used for head-up displays, and it seems that it is also 
very advantageous for cutting production costs. 
[0197] It is also possible to attain the same effect 
when first performing exposure with interference fringes 

55 using a photomask 3604 covering the portions to be 
turned into columns (walls) as shown in Fig. 20(a), and 
then forming the sealing portions using a photomask 
3605 that is a negative of the photomask 3604, as 
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shown in Fig. 20(b). 
Embodiment C1 

[0198] The following explains an example of an image 
display system including a polarized illumination system 
using a diffractive optical element as described in Em- 
bodiment B1 etc. 

[0199] As shown in Fig. 21 , the polarized illumination 
system is made of a light source 2101 and a diffractive 
optical element 21 02. Moreover, the image display sys- 
tem is made of this polarized illumination system, a light 
valve 2103, and projection lens 2104. 
[0200] The light source 21 01 includes a light emitting 
portion 21 01 a, and a reflector 21 01 b collimating the light 
beam from the light emitting portion 2101a and emitting 
it as a substantially parallel light beam. Forthe light emit- 
ting portion 21 01a, a fluorescent lamp, a xenon lamp, a 
metal halide lamp, a mercury lamp, an LED, an FED, 
laser light or an inorganic or organic electroluminescent 
element can be used, for example. 
[0201] The diffractive optical element 2102 diffracts 
and eliminates those light beams emitted by the light 
source 2101 that are polarized in parallel to the paper 
plane of Fig. 21 (here referred to as P-waves), whereas 
it transmits the light beams that have a polarization per- 
pendicular to the paper plane of Fig. 21 (here referred 
to as S-waves) and irradiates them towards the light 
valve 2103. The diffractive optical element 2102 also 
transmits the S-waves of the light beams reflected from 
the light valve 2103, and diffracts only the P-waves to- 
wards the projection lens 2104. 

[0202] The light valve 2103 modulates the polariza- 
tion of incident S-waves in accordance with an image 
signal, and reflects light beams, in which P-waves and 
S-waves are mixed. More precisely, at the pixels that 
correspond to a black display image, the polarization di- 
rection is not modulated, and the S-wave is simply re- 
flected, whereas at the pixels for white or intermediate 
gradations, a light wave is reflected that includes P- 
wave components whose polarization has been modu- 
lated in accordance with an electric field applied to those 
pixels. That is to say, the light beams that are reflected 
by the light valve 2103 have different polarizations, de- 
pending on whether an electric field is applied to the pix- 
els on which they are incident. For this light valve 21 03, 
it is possible to use for example a twisted nematic liquid 
crystal display element, a homeotropic VA-mode liquid 
crystal element, or a ferroelectric or antiferroelectric liq- 
uid crystal, in which the orientation of the liquid crystal 
molecules depends on the polarity of the electric field, 
for example. 

[0203] The projection lens 2104 magnifies those P- 
waves of the light beams reflected from the light valve 
2103 that have been diffracted by the diffractive optical 
element 21 02 as described above and projects them on- 
to a screen not shown in the drawings. 
[0204] Using for the diffractive optical element 2102 



a diffractive optical element that has high polarization 
selectivity and diffraction efficiency as explained in Em- 
bodiment B1 etc., almost none of the P-waves from the 
light source 2101 and the S-waves from the light valve 

5 2103 enter the light valve 2103 or the projection lens 
2104, whereas almost all of the S-waves from the light 
source 2101 and the P-waves from the light valve 21 03 
enter the light valve 2103 or the projection lens 2104, 
so that a bright image display with high contrast is at- 

10 tained. Moreover, the diffraction efficiency depends only 
little on the angle of incidence, so that it is possible to 
use a projection lens 21 04 with a small F-number, with- 
out causing a lower contrast. 

[0205] That is to say, turning to the characteristics of 
15 the diffractive optical element (see Fig. 14 and Fig. 15) 
to explain in more detail the reasons why the diffractive 
optical element of Embodiment B1 is suitable for the im- 
age display system of this embodiment, S1' in Fig. 14 
represents the components that the diffractive optical el- 
20 ement diffracts without transmission, and the smaller 
this value is, the more suitable it is for a polarized illu- 
mination system. PV represents the components that 
are diffracted by the diffractive optical element and used 
as reflected light by the projection lens 2104. This 
25 means, the ratio PV I S1' corresponds to the contrast 
on the screen, and the larger this value is, the more pref- 
erable it is when used in a polarized illumination system. 
As shown in Fig. 1 5, this contrast is maintained at a sub- 
stantially constant value over a range of at least ± 1 0°. 

30 This is because regarding the diffraction light intensities 
of PV and S1\ the intensity of P1' drops when the inci- 
dence angle changes, whereas for S1' it does not rise 
when the incidence angle changes, but rather drops, 
and there is no offset effect for angular deviations. The 

35 above-mentioned incidence angles correspond to the 
deviations from the optical axis when using a lens of F 
= ca. 3.0. Thus, when applying such a diffractive optical 
element, the proportion of the S-waves in the compo- 
nents reflected from the light valve 2103 and entering 

^0 into the projection lens 2104 is small, even for lenses 
with small F-numbers. Consequently, it is possible to 
provide a polarized illumination system with small con- 
trast reductions. Moreover, in this image display system, 
the S-waves from the light source 2101 are incident on 

45 the light valve 21 03. Since the transmitted S-waves are 
not diffracted to higher orders by the diffractive optical 
element and substantially all of the transmitted S-waves 
enter the light valve 2103, it is possible to attain a high 
light efficiency. As shown in Fig. 14, the PV diffraction 

so efficiency decreases as the angle of incidence becomes 
larger, and this leads to a lower brilliance of the white 
level, but it is possible to improve this by increasing the 
An of the liquid crystal sample. The value of the An of 
the liquid crystal used as the optical medium can be se- 

55 lected from a broad range, so that the P V diffraction ef- 
ficiency can be increased, and a diffractive optical ele- 
ment with a softer incidence angle dependency can ap- 
parently be manufactured with the same method, mak- 
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ing it possible to provide an excellent polarized illumina- 
tion system. 

Embodiment C2 

[0206] The following explains another example of an 
image display system including a polarized illumination 
system using a diffractive optical element as described 
in Embodiment B1 etc. 

[0207] This image display system is a projection-type 
image display system capable of displaying color imag- 
es that includes a color separation and a color combi- 
nation system. The portion shown in Fig. 22(a) is a sec- 
ond-level color separation system, which separates the 
light from the light source 21 01 according to wavelength 
into R (red), G (green) and B (blue) light. The portion 
shown in Fig. 22(b) is a color combination system ar- 
ranged on the first level, which carries out the color com- 
bination, afterthe light of the various wavelengths, guid- 
ed from the second-level color separation system, has 
been reflected by reflection-type light valves 2311 to 
2313. In this projection-type display system, the second- 
level portion overlaps vertically with the first-level por- 
tion. 

[0208] The following is a more detailed explanation of 
an image display system with this reflection system. A 
light beam emitted by the light source 2101 passes 
through an integrator 2301 made of a first lens group 
and a second lens group, and afterthe light intensity at 
the center of the light beam has been equalized with the 
light intensity at the periphery, the light beam enters a 
dichroic prism 2303. 

[0209] This dichroic prism 2303 is made by forming 
wavelength filters for each wavelength band inside. 
Therefore, white light from the light source 21 01 is sep- 
arated according to its wavelength into the primary 
colors red, green and blue with these wavelength filters. 
Then, the separated red, green and blue light is emitted 
in the directions indicated by the arrows in Fig. 22(a), 
respectively. The dichroic prism 2303 has the same 
function as a dichroic mirror with three mirror planes, but 
since it is configured as a prism, colors can be separated 
without using up much space and a compact system is 
accomplished. But it is also possible to use a dichroic 
mirror with substantially the same configuration as the 
dichroic prism. 

[0210] The light that is emitted in these three direc- 
tions is reflected by the mirrors 2305 to 2307 and guided 
downward to the first level. Then, the three light beams 
enter the diffractive optical elements 2308 to 231 0. The 
diffractive optical elements 2308 to 231 0 simply transmit 
the S-polarized components, which then enter the re- 
flection-type light valves 2311 to 2313. The light waves 
reflected by the reflection -type light valves 2311 to 2313 
again enter the diffractive optical elements 2308 to 
231 0, and the P-wave components are reflected and en- 
ter the dichroic prism 2304. 

[0211] The dichroic prism 2304 has a function that is 



opposite to that of the dichroic prism 2303, and com- 
bines the separately incident red, green and blue light 
beams and emits them as a light beam that travels in 
one direction (towards the projection lens 2104). The 

5 light passing through the projection lens 2104 is dis- 
played as a magnified image on a screen 2302. 
[0212] Also in this image display system, diffractive 
optical elements having high polarization selectivity and 
diffraction efficiency as explained in Embodiment B1 

10 etc. are used for the diffractive optical elements 2308 to 
2310, so that a bright image display with high contrast 
is attained. Here, light that is separated according to its 
wavelength into the colors red, green and blue by the 
dichroic prism 2303 enters the diffractive optical ele- 

15 ments 2308 to 2310. Thus, if the pitch of the periodic 
structure of the refractive index distribution in the diffrac- 
tive optical elements 2308 to 2310 is optimized accord- 
ing to the wavelength of the incident light, or in other 
words, if the pitch is made smaller as the wavelength 

20 becomes smaller (i.e. progressively smaller from red to 
green to blue), then the diffraction efficiency of the dif- 
fractive optical elements 2308 to 231 0 can be increased 
even further. 

25 Embodiment C3 

[0213] The following is an explanation of an example 
of a polarized illumination system using a diffractive op- 
tical element as described in Embodiment B1 etc. 

30 [0214] As shown in Fig. 23, instead of the diffractive 
optical elements 1105 and 1106 in the polarized illumi- 
nation system of Embodiment 1 , the polarized illumina- 
tion system is provided with diffractive optical elements 
3405 and 3406 diffracting all incident P-waves into the 

35 same direction. With this configuration, the diffraction 
angle depends on the wavelength of the incident light, 
so that non-uniform chromaticity and light intensity oc- 
cur at the periphery of the light valve (not shown in the 
drawing) because the light paths shift for each color, but 

40 it is possible to attain a high polarization conversion ef- 
ficiency by using a diffractive optical element having 
high polarization selectivity and diffraction efficiency as 
explained in Embodiment B1 etc. for the diffractive op- 
tical elements 3405 and 3406. 

45 [021 5] The shifting of the light paths for each color is 
compensated by overlapping the light beams from the 
lenses constituting the integrator 1 1 04 in the larger part 
of the region including the center of the light valve, so 
that the non-uniform chromaticity and light intensity oc- 

so cur only at the periphery of the light valve, and their in- 
fluence can be decreased by setting the distance be- 
tween the diffractive optical elements 3405 and 3406 to 
a small distance. 

[0216] Furthermore, usually the diffractive optical el- 
55 ements 3405 etc. have different diffraction efficiencies 
depending on the wavelength of the incident light, but 
this issue can be addressed by maintaining a high effi- 
ciency across a large region of the visible spectrum by 
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appropriately selecting for example the An of the liquid 
crystal in the diffractive optical elements 3405 etc. 

Embodiment C4 

[0217] The following explains another example of a 
polarized illumination system using a diffractive optical 
element as described in Embodiment B1 etc. 
[0218] As shown in Fig. 24, this polarized illumination 
system includes a light source 1101, diffractive optical 
elements 3501 to 3504, and phase-retardation plates 
3505 and 3506. When a light beam including a P-wave 
and an 3-wave emitted by the light source 1101 enters 
the diffractive optical elements 3501 and 3502, the po- 
larization separation ability of the diffractive optical ele- 
ments 3501 and 3502 causes the S-waves to be trans- 
mitted, and the P-waves to be diffracted in directions 
that are symmetric with respect to the optical axis. The 
light beams diffracted by the diffractive optical elements 

3501 and 3502 enter the diffractive optical elements 
3503 and 3504, respectively. The diffractive optical ele- 
ments 3503 and 3504 have the same diffraction char- 
acteristics as the diffractive optical elements 3501 and 

3502 (but with opposite diffraction directions), respec- 
tively. Therefore, due to this diffractive behavior, the 
propagation direction of P-waves that are incident on 
them will be the same as the direction in which light is 
emitted from the light source 1101. The phase-retarda- 
tion plates 3505 and 3506, which are A/2 plates, convert 
the diffracted light emitted by the diffractive optical ele- 
ments 3503 and 3504 and emit it as an S-wave. This 
means, all of the light emitted by the light source 1101 
is turned into S-waves, and is emitted by the polarized 
illumination system as a light wave with aligned polari- 
zation direction. 

[0219] In this polarized illumination system, diffractive 
optical elements having high polarization selectivity and 
diffraction efficiency as explained in Embodiment B1 
etc. are used for the diffractive optical elements 3501 to 
3504, making it easy to improve the polarization conver- 
sion efficiency. Moreover, in this configuration, the irra- 
diation area is about twice as large as the light source 
1101, but since it can be used in direct combination with 
the light source, the design freedom of the configuration 
for devices in which this polarized illumination system is 
used can be increased, so that a wide range of applica- 
tions can be expected. Moreover, by using the diffractive 
optical elements 3501 to 3504 in this configuration, the 
diffraction direction of the light waves can be set as de- 
sired. This allows configurations that are thin with re- 
spect to the depth direction, if the diffraction angle is in- 
creased. 

Embodiment D1 

[0220] The following explains another example of an 
image display system using a diffractive optical element 
as described in Embodiment B1 etc. 



[0221] First, its general outline is explained. 
[0222] As shown in Fig. 25, external light 4101 con- 
sists of light waves that include P-polarized light and S- 
polarized light. Here, the components that are polarized 
5 in a direction parallel to the paper plane of Fig. 25 are 
taken as the S-polarized light, as indicated by the arrow 
in Fig. 25, and the components that are polarized in the 
direction perpendicular to the paper plane of Fig. 25 are 
taken as the P-polarized light, as indicated by the black 
10 dot in Fig. 25. 

[0223] When external light 4101 including P- and S- 
polarized components is incident on the diffractive opti- 
cal element 4102 obliquely from above, then, because 
of the refractive index anisotropy of the diffractive optical 

is element 41 02, the diffractive optical element 41 02 trans- 
mits the S-polarized components and diffracts only the 
P-polarized components in a direction that is substan- 
tially perpendicular with respect to the surface. The dif- 
fracted P-polarized components pass through a phase- 

20 retardation film 4103, pass through the pixels of a po- 
larization modulation element 4104, are reflected by a 
reflection plate 4105, and pass again through the polar- 
ization modulation element. The light waves that have 
been modulated such that their polarization plane of the 

25 light waves after passing the polarization modulation el- 
ement twice are finally passed through the phase-retar- 
dation film to optimize their polarization plane. 
[0224] Here, the polarization plane of the light waves 
that pass through ON pixels is not changed, the light 

30 waves enter the diffractive optical element 4102 as P- 
polarized light from the left in Fig. 25, and are diffracted 
upward in the drawing. On the other hand, the polariza- 
tion plane of the light waves that pass through OFF pix- 
els is rotated and those light waves enter the diffractive 

35 optical element 4102 as S-polarized light, so that they 
are not subjected to diffraction and proceed linearly until 
they reach an observer 4106. 

[0225] Thus, the observer 4106 can perceive an im- 
age that is made up of a pattern of bright and dark, in 

40 correspondence to the pixels of the polarization modu- 
lation element 4104. Furthermore, the image observed 
by the observer is made of transmitted light that is not 
affected by the diffractive behavior of the diffractive op- 
tical element 4102. Therefore, it is not affected by the 

45 dependency of the diffraction angle on the incident 
wavelength, which is characteristic of the diffractive op- 
tical element. Consequently, it becomes possible to pro- 
duce a clear image that is not affected by wavelength- 
dependent color shifts or the like resulting from changes 

50 in the diffraction direction with respect to white light, after 
transmission through the diffractive optical element 
4102. 

[0226] The following is a more detailed explanation. 
[0227] When the external light 41 01 enters the diffrac- 
55 tive optical element 41 02, the following effects occur. As 
mentioned above, the diffractive optical element 4102 
is formed using an optical medium with anisotropic re- 
fractive index anisotropy and is about 10u.m thick, so 
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that the refractive index has a periodic distribution in the 
thickness direction. Therefore, the diffractive behavior 
depends on the polarization direction, and the element 
has a diffraction efficiency that is particularly high for one 
direction. 

[0228] The P-polarized light acts as the extraordinary 
light component in the diffractive optical element 41 02, 
so that it is modulated by the refractive index distribution 
of the periodic structure formed inside the element, and 
bent in a direction perpendicular to the diffractive optical 
element, as shown in Fig. 25, from where it enters the 
phase-retardation film 4103. 

[0229] On the other hand, the S-polarized light acts 
as the ordinary light component in the diffractive optical 
element 41 02, so that it is not affected by the refractive 
index distribution of the periodic structure in the ele- 
ment, and shows the same characteristics as when 
passing through a medium with an isotropic uniform re- 
fractive index. Therefore, the S-polarized light simply 
passes through the diffractive optical element 4102. 
Consequently, after passing through the diffractive op- 
tical element 4102, only P-polarized light passes 
through the phase-retardation film 41 03, and enters the 
polarization modulation element 4104. 
[0230] In this embodiment, a twisted nematic liquid 
crystal, in which the orientation of the liquid crystal mol- 
ecules at the ingoing plane is twisted with respect to the 
orientation at the outgoing plane, was used for the po- 
larization modulation element 41 04. Patterned transpar- 
ent electrodes are formed on this element, and an elec- 
tric field can be applied to each pixel. In pixels to which 
an electric field is applied that completely switches the 
liquid crystal (ON), the twisting of the liquid crystal mol- 
ecules is undone, and the liquid crystal is turned into a 
state in which the liquid crystal molecules are isotropic 
with respect to the plane of incidence (homeotropic 
state). Therefore, the P-polarized light that enters those 
pixels is not modulated but passes through the liquid 
crystal element with its polarization unchanged, is re- 
flected by the reflection plate 4105, passes again 
through the polarization modulation element, and is 
emitted as P-polarized light. 

[0231] For this embodiment, a reflection plate 4105 
made of metal or made of a dielectric multilayer film can 
be used. Here, a reflection plate 41 05 formed by vapor 
deposition of A1 was used. It is also possible to control 
the viewing angle characteristics by providing the sur- 
face of the reflection plate with a microscopic undulation 
or a blazed saw-tooth shape. 

[0232] In the pixels to which no electric field is applied 
(OFF), the orientation of the liquid crystal molecules is 
twisted in the thickness direction from the ingoing plane 
to the outgoing plane. Therefore, the P-polarized light 
that enters those pixels is reflected by the reflection 
plate 41 05, and the polarization plane of the P-polarized 
light is rotated for approximately 90° by the twisted 
nematic effect due to the twisting of the liquid crystal as 
it passes twice through the diffractive optical element 



4104. Consequently, after passing through the OFF pix- 
els, the P-polarized light has been turned into and is 
emitted as an S-wave. 

[0233] The phase- retardation film 41 03 is used to op- 

5 timize the polarization plane that has been modulated 
with the polarization modulation element 4104. For the 
phase-retardation plate 41 03, a X/4 plate changing the 
orientation of the polarization plane 90° as light passes 
through and back can be used. The polarization direc- 

10 tion is aligned with the diffractive optical element 4102, 
but it is also possible to use a polarizer increasing the 
contrast properties by adjusting the polarization plane. 
In that case, the diffractive optical element 41 02 also 
modulates the polarization plane, so that it is also pos- 

*5 sible to use a polarizer with a low degree of polarization. 
That is to say, using a polarizer with a low degree of 
polarization, the transmission properties are better than 
when using only a polarizer with a high degree of polar- 
ization, so that the light efficiency can be improved. Also, 

20 when a scatter plate is used for the phase-retardation 
film 4103, it is possible to attain a wider viewing angle 
after hologram emission. 

[0234] Thus, it is possible to attain the desired display 
image characteristics by selecting or combining various 

25 types of films for the phase-retardation film 41 03. 

[0235] Thus, the polarization direction of the light after 
passing through the polarization modulation element 
depends on whether there is an electric field at the pixel 
through which the light has passed. When the light en- 

30 ters the diffractive optical element 4102, the diffractive 
optical element 41 02 diffracts the P-polarized light that 
has passed through the ON pixels, bending its propa- 
gation direction upwards in Fig. 25. Furthermore, the S- 
polarized light that has passed through the OFF pixels 

35 is not subjected to modulation with the diffractive optical 
element 4102, and is travels on straightly. 
[0236] Consequently, the polarization of the light that 
has passed the pixels of the liquid crystal element is 
modulated in accordance with the electric field applied 

40 to the pixels, and as a result, the propagation direction 
of the light passing through the diffractive optical ele- 
ment 41 02 is different. For an observer 41 06, the prop- 
agation direction of P-polarized light that has passed 
through the ON pixels is bent by diffraction, so that it 

45 leaves the visual field and cannot be perceived by the 
observer 41 06. On the other hand, the S-polarized light 
that has passed through the OFF pixels travels straight 
through the diffractive optical element 4102, so that it 
enters the visual field of the observer 41 06 and can be 

50 perceived as a brightness pattern. Consequently, emit- 
ted by the diffractive optical element 41 02, an image cor- 
responding to the pixels of the polarization modulation 
element 4104 is perceived by the observer 4106. Fur- 
thermore, controlling the electric field applied to the pix- 

55 els, it is possible to set the polarization direction of the 
light passing through the liquid crystal to an intermediate 
state between P-polarized an S-polarized light, that is, 
to elliptic polarizations. In that case, the light entering 
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the diffractive optical element 4102 Is divided into a lin- 
early advancing component and a diffracted compo- 
nent, in accordance with the voltage applied to the pix- 
els, so that the display of intermediate gradations is also 
possible. 

[0237] This embodiment has been explained taking a 
polarization modulation element 4104 of the twisted 
nematic type as an example, but it is possible to use any 
type with which the polarization of incident light can be 
modulated. It is similarly possible to use a super-twisted 
nematic (STN) liquid crystal with a twist angle of more 
than 90°. Furthermore, the same effect can be attained 
when using a VA (vertical alignment) mode liquid crystal, 
in which the liquid crystal molecules are in uniform ho- 
mogenous orientation with respect to their thickness di- 
rection, and turn into homeotropic orientation when an 
electric field is applied (or change from homeotropic ori- 
entation into homogeneous orientation). 
[0238] Furthermore, instead of providing the reflec- 
tion plate 41 05, it is also possible to use a reflective ma- 
terial for the pixel electrode on the polarization modula- 
tion element 4104. 

[0239] It is also possible to use a ferroelectric liquid 
crystal or an anti-ferroelectric liquid crystal in which the 
director of the liquid crystal molecules depends on the 
polarity of the electric field. 

[0240] The liquid crystal elements used in the polari- 
zation modification element 4104 can be the same as 
in a liquid crystal panel used ordinarily for liquid crystal 
displays. Consequently, an image display system can 
be devised by substituting the front and back polarizers 
used for the liquid crystal elements with the diffractive 
optical element 41 02, and application is possible without 
modification of the remaining illumination system, driv- 
ing system etc., resulting in excellent versatility. 
[0241] To be specific, a liquid crystal panel of about 
three inches with VGA resolution (640 x 480) was used 
for the polarization modification element 41 04. When in- 
putting an image signal into it and observing it at indoor 
lighting from a position near the observer 4106, it was 
possible to correctly perceive an input image without 
color leakage. The contrast was about 10:1. Moreover, 
when a polarizer with low polarization degree was ar- 
ranged as the phase-retardation film 4103, the contrast 
could be improved to about 30: 1 . In that case, the bril- 
liance decreased for about 1 0% to 20%. 
[0242] When the location of the observer was moved 
to the top in Fig. 25, to where the P-polarized light pass- 
ing through the diffractive optical element 4102 in Fig. 
25 was diffracted and emitted, the same image but with 
inverted dark and bright portions was perceived, and 
color shifts could be observed from this location. 
[0243] Thus, it was confirmed that an image display 
system without color shifts and with good visibility can 
be obtained by combining a polarization modulation el- 
ement 4104 with a diffractive optical element 4102 of 
the refractive index distribution type made of an optical 
medium with refractive index anisotropy, and using the 



light transmitted from the diffractive optical element 
4102 for the image display. 

[0244] Furthermore, since no internal back light is 
necessary, this image display system promises to have 
5 a to lower power consumption and smaller size. 

Embodiment D2 



[0245] The following explains another example of an 
10 image display system using a diffractive optical element 
as described in Embodiment B1 etc. 
[0246] This image display system includes a light 
source 4202 as shown in Fig. 26. For the light source 
4202, a fluorescent lamp, a xenon lamp, a metal halide 
'5 lamp, a mercury lamp, an LED, an FED, laser light or 
an inorganic or organic electroluminescent element can 
be used, for example. 

[0247] In this embodiment, a fluorescent lamp was 
used for the light source 4202, and a sidelight was con- 
20 figured, in which light was guided from below a diffrac- 
tive optical element 4102 through a transparent acrylic 
light-guiding plate 4203 and emitted. 
[0248] A polarization conversion film 4201 was dis- 
posed between the diffractive optical element 4102 and 
25 the light-guiding plate. The polarization conversion film 
4201 has the property that it lets only certain polarization 
components pass and reflects the other polarization 
components, such as the NIPOCS (by Nitto Denko 
Corp.) for example. In Fig. 26, a polarization conversion 
30 film 4201 is used that has the property that it lets S-po- 
larized light pass and reflects P-polarized light. In this 
case, the reflected S-polarized light returns to the light- 
guiding plate 4203, where it is reflected again. At this 
time, the polarization changes slightly from linear polar- 
35 ization to elliptical polarization. Consequently, when this 
light wave enters the polarization conversion film 4201 , 
the S-polarized component of the elliptically polarized 
light is transmitted. 

[0249] Thus, multiple reflections are repeated be- 
40 tween the polarization conversion film 4201 and the 
light-guiding plate 4203, so that the polarized light is 
aligned in one direction and passes through the polari- 
zation conversion film 4201 . Consequently, the polari- 
zation of the light waves from the light source 4202 is 
45 converted, so that the polarization modulation element 
4104 can be used and the light efficiency can be im- 
proved. 

[0250] For the polarization modulation element 41 04, 
the same liquid crystal panel as in Embodiment D1 was 
50 used. Also in the other configurations, substantially the 
same liquid crystal panel as in Embodiment D1 was 
used. The light wave that has been turned into substan- 
tially S-polarized light with the polarization conversion 
film 4201 then enters the diffractive optical element 
55 41 02. Here, the S-polarized light passes through again 
and enters the pixels of the polarization modulation el- 
ement 4104. 

[0251] The polarization of the light passing through 
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the polarization modulation element 4104 is modulated 
in accordance with the signal applied to the pixels. The 
polarization orientation is optimized with the phase-re- 
tardation film 41 03, and the light enters the other diffrac- 
tive optical element 41 02. 

[0252] Here, the P-polarized light is diffracted up- 
wards in the paper plane and emitted in a direction out- 
side the visual field of the observer 4106. The S-polar- 
ized light simply passes through the diffractive optical 
element 41 02, and is perceived by the observer 41 06. 
[0253] When the direction of the diffractive optical el- 
ement 4102 was observed from the position of the ob- 
server 4106, an image in accordance with the applied 
input signal could be seen correctly and without color 
leakage. Moreover, it was also possible to observe the 
outside scenery through the diffractive optical element 
4102 from a position near the observer 4106. 
[0254] Thus, with such an image display system con- 
figuration, it is possible to view either an image display 
and the outside scenery at the same time or only the 
outside scenery, and to switch between the two, so it 
could be confirmed that this configuration can be used 
as a see-through-type display. 

Embodiment D3 

[0255] The following explains another example of an 
image display system using a diffractive optical element 
as described in Embodiment B1 etc. 
[0256] Fig. 27 shows an image display system using 
a diffractive optical element 4102 made in the same 
manner as described in Embodiment B1 etc., which can 
utilize both external light and an internal light source. 
The same liquid crystal panel as in Embodiment D1 is 
used for the polarization conversion element 41 04. Also 
for the reflection plate 4105 and the phase-retardation 
film 4103, substantially the same elements were used 
as in Embodiment D1 . For the light source 4202, a small 
light source arrangement with a light guide (not shown 
in the Fig. 27) attached to an LED was used. 
[0257] The image display operation with external light 
4101 is the same as in Embodiment D1 . 
[0258] The following is an explanation of the image 
display operation using the light source 4202. The light- 
guiding plate 4203 is made of a prism sheet of about 
1 mm thickness whose surface has a saw-tooth-shaped 
cross section. The light emitted by the white LED of the 
light source 4202 passes through the light guide and en- 
ters the light-guiding plate 4203. Then, the light waves 
reflected by the saw-tooth-shaped jaggedness at the 
surface of the light-guiding plate 4203 enter the diffrac- 
tive optical element 4102. Light leaking from the light- 
guiding plate 4203 does not enter the direction of the 
observer 4106, because the shape of the light-guiding 
plate 4203 has been machined such that leaking light is 
emitted substantially in parallel to the light-guiding plate 
4203. Of the light reflected by the light-guiding plate 
4203 only the P-polarized light coming from a direction 



determined by the periodic structure inside the diffrac- 
tive optical element 4102 is diffracted selectively, bent 
into a direction perpendicular to the surface of the dif- 
fractive optical element 4102, and emitted toward the 

5 polarization modulation element 4104. The rest of the 
operation is the same as explained for Embodiment D1 . 
That is to say, a modulation is carried out with each pixel 
of the polarization modulation element 4104, and only 
the S-polarized light that has passed through the phase- 

10 retardation film 41 03 and that is transmitted by the dif- 
fractive optical element 41 02 is emitted, so that the ob- 
server 4106 can view an image. 
[0259] When such an image display system was ac- 
tually observed by an observer 4106, then a bright im- 

15 age could be viewed using the light source 4202 in a 
darkroom, and under bright illumination the image could 
be viewed without turning on the light source 4202. 
Thus, it was confirmed that using an image display sys- 
tem configured in this manner, it is possible to select the 

20 light source depending on the environment, for example 
in accordance with a dark environment or a bright illu- 
mination. Consequently, it is possible to improve the vis- 
ibility of the image under a variety of environments while 
achieving a reduction of the power consumption. 

25 [0260] A further possible usage method is to detect 
the brightness of the illumination of the environment 
where the image display system is located, and auto- 
matically select the light source or adjust the intensity 
of the light source, making it possible to improve the dis- 

30 play performance even further, and thus promising a 
wide range of applications. 

Embodiment D4 

35 [0261] The following explains another example of an 
image display system using a diffractive optical element 
as described in Embodiment B1 etc. 
[0262] Fig. 28 shows an image display system, in 
which a diffractive optical element 41 02 made as in Em- 

40 bodiment B1 etc. is combined with a color filter 4401 . 
The polarization separation and diffraction of external 
light 41 01 with the diffractive optical element 41 02 is the 
same as in Embodiment D1 . A liquid crystal having pix- 
els for red, green and blue was used as the polarization 

45 modulation element 41 04. 

[0263] The color filter 4401 selectively transmits red, 
green and blue light, and absorbs the light that is not 
transmitted. The color filter 4401 is provided with pixels 
formed in correspondence to the pixels of the subse- 

50 quent liquid crystal element. The light of red, green and 
blue wavelengths that has passed the color filter 4401 
enters the pixels of the polarization modulation element 
4104. Then, depending on whether the pixels are ON or 
OFF, the polarization is modulated. 

55 [0264] As a result, P-polarized light that has passed 
an ON pixel is diffracted by the diffractive optical ele- 
ment 41 02 upward in the paper plane, leaves the visual 
field of the observer 41 06, and its light intensity results 
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in a dark pattern that cannot be viewed. The diffraction 
angles are slightly different for red, green and blue, but 
since the diffraction angles are set such that blue light, 
which has the smallest diffraction angle, is outside the 
visual field of the observer, as shown in Fig. 28, the 
wavelength does not affect the result. 
[0265] On the other hand, the S-polarized light that 
has passed the OFF pixels simply passes through the 
diffractive optical element 41 02 and reaches the observ- 
er 41 06. 

[0266] For simplicity, Fig. 28 shows that all pixels cor- 
responding to red, green and blue are ON or OFF, but 
the pixels on which light of these wavelengths is incident 
can be controlled individually with the applied electric 
field, letting the light pass the diffractive optical element 
41 02. Thus, selected light of the light with the red, green 
and blue wavelengths reaches the observer 4106. 
Therefore, the display of color images combining these 
colors becomes possible. 

[0267] The displayed image that is perceived by the 
observer 41 06 is made up of the light components that 
have been transmitted by the diffractive optical element 
4102. Consequently, it is not affected by chromatic dis- 
persion of red, green and blue wavelengths with the dif- 
fractive optical element 4102. As a result, problems 
such as color shifts in the image do not occur when per- 
forming color display using the color filter 4401 . 
[0268] When an RGB color image signal was fed to 
an image display system with this configuration, and the 
image was observed from a distance of about 30cm 
from the diffractive optical element 4102, a clear color 
image without color mixing or color leakage was at- 
tained. 

[0269] Furthermore, the application of the color filter 
is not limited to the configuration of Fig. 28, and need- 
less to say, it can also be applied to transmitting types 
as in Embodiment D2 or Embodiment D3, types com- 
bining transmission and reflection, and modifications 
thereof. 



Embodiment D5 

[0270] The following explains a diffractive optical ele- 
ment using a plastic film as a substrate and a method 
for manufacturing the same. 

[0271] Fig. 29 shows a method for forming a diffrac- 
tive optical element using a plastic film with a thickness 
of about several dozens to several hundred u.m, for ex- 
ample ca. lOOjim, as a transparent insulating substrate 
4501 . 

[0272] As the plastic substrate, it is possible to use an 
AMOREX film (by Fujimori Kogyo Co., Ltd.), for exam- 
ple. Using such a plastic substrate makes it possible to 
lower the costs and to increase the versatility, because 
it is possible to attach it by retrofitting as a single film 
element to the surface of a liquid crystal panel, for ex- 
ample. 

[0273] When using this plastic substrate, the plastic 



substrate, which is only about 100jim thick, may deform 
easily, so that it has to be arranged on top of a separate 
substrate with greater rigidity during the manufacturing 
steps. Fig. 29 shows an example, in which a plastic film 
5 serving as the transparent insulating substrate 4501 is 
placed on a colored glass substrate 4701 . Although it is 
not shown in Fig. 29, a glass substrate with an anti-re- 
flection film is arranged on the side on which the irradi- 
ation light is incident, in opposition to the colored glass 
10 substrate 4701, and exposure with irradiation light is 
performed sandwiching a pair of transparent insulating 
substrates 4501 and an optical medium 4502 including 
a liquid crystal and a polymer precursor between the 
colored glass substrate 4701 and the glass substrate 
1* with the anti-reflection film. 

[0274] For the colored glass substrate 4701 , an or- 
ange glass substrate was used that absorbs substan- 
tially all light with a wavelength of 51 4.5nm that is used 
for forming the diffraction grating. Furthermore, an anti- 
20 reflection film was formed on its surface. The plastic 
films used as the transparent insulating substrates 4501 
and the colored glass substrate 4701 or the glass sub- 
strate arranged in opposition thereto can be adhered to 
one another by adsorption with water and optical match- 
es jng fluid with substantially the same refractive index as 
the substrates. 

[0275] The following is an explanation of the steps 
performed to form a grating in the configuration of Fig. 
29 with high precision using laser light. Usually, laser 
30 light components passing through the sample are re- 
flected, for example, by the outgoing surface of the glass 
substrate or a jig holding the sample, and reenter the 
sample. Due to interferences of this reflected light, a 
grating is formed in the sample with a pitch that is dif- 
35 ferent from the design value, and the light reflected from 
the jig, for example, is scattered, leading to speckle 
noise. Consequently, diffraction and scattering effects 
occur as a result of this structure, and the diffraction 
function of the grating structure is lower than desired, 
40 so that the efficiency is decreased. 

[0276] As a countermeasure, the colored glass sub- 
strate 4701 is used, which functions as a base substrate 
holding the plastic films parallel and making the thick- 
ness between the films uniform, and which also has the 
45 second purpose of absorbing laser light components 
that are transmitted through the sample. Thus, the sam- 
ple is held at uniform thickness between the plastic films 
and since it is not affected by light reflected from the rear 
surface of the sample, it is possible to obtain an element 
50 with high efficiency. 

[0277] Using a 1 OOujti AMOREX film as the transpar- 
ent insulating substrate 4501 , and an orange substrate 
as the colored glass substrate 4701 , a diffractive optical 
element 4102 was produced with laser interference. 
55 When the efficiency was evaluated with a He-Ne laser 
of 544nm wavelength as in Embodiment B1, it was 
found that this diffractive optical element 41 02 has a dif- 
fraction efficiency of at least 90% for incident P-polar- 
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ized light, and a transmittivity of at least 95% for incident 
S-polarized light. 

[0278] In this manner, using the method for manufac- 
turing a diffractive optical element of the present inven- 
tion makes it possible to produce an element with ex- 
cellent polarization separation properties and high effi- 
ciency using a very thin plastic film. With this method, it 
is further possible to devise the diffractive optical ele- 
ment 41 02 as a film, which broadens the range of appli- 
cations, promising extensive practical possibilities. 
[0279] It should be noted that instead of placing the 
plastic substrate on a separate rigid substrate during the 
manufacturing process as described above, it is also 
possible attach a plastic film to the substrate of the unit 
used by the diffractive optical element to form the dif- 
fractive optical element. In that case, the operation of 
attaching the resulting diffractive optical element to this 
unit can be eliminated. 

Embodiment P6 

[0280] Fig. 30 illustrates a method for manufacturing 
a diffractive optical element 4102 using an anisotropi- 
cs scattering film. The anisotropically scattering film 
4801 has the property that it scatters light beams that 
are incident from a predetermined range of incidence 
angles and transmits light beams that are outside a pre- 
determined range of incidence angles. Fig. 30 shows 
two light beams coming from different directions, name- 
ly a principle light beam and a reference light beam. The 
anisotropically scattering film 4801 has the property that 
it scatters light beams from the direction of the principle 
light beam and transmits the light beams from the direc- 
tion of the reference light beam. A LUMISTY film (by 
Sumitomo Chemical Co., Ltd.) can be used as the ani- 
sotropically scattering film 4801 with these properties. 
[0281] Taking an AMOREX film of 1 0Oum thickness 
for the transparent insulating substrate 4501 as in Em- 
bodiment D5, a diffractive optical element 4102 was 
made using an orange substrate as the colored glass 
substrate 4701 . 

[0282] In this embodiment, the surface of the aniso- 
tropically scattering film 4801 was treated in an anti-re- 
flection process, and then adhered to the transparent 
insulating substrate 4501 with an optical matching fluid. 
During the laser exposure, the principle light is scat- 
tered, so that a periodic structure is formed inside with 
a shape as given by the components scattered at the 
grating corresponding to the angle between the refer- 
ence light and the principle light. 
[0283] The efficiency of the resulting diffractive optical 
element 41 02 was evaluated with a 544nm He-Ne laser. 
When P-polarized light of the He-Ne laser was incident 
from a direction corresponding to the reference light, dif- 
fraction light appeared that included components scat- 
tered in the incidence direction of the principle light. 
When it was incident from the direction of the principle 
light, diffraction light was observed in the direction of the 



reference light, but in that case, no scattered compo- 
nents could be seen. 

[0284] It is also possible to use divergent light or con- 
vergent light instead of parallel light for the reference 
5 light and the principle light. In this case, the diffracted 
light becomes divergent or convergent with respect to 
the light waves incident on the diffractive optical ele- 
ment. 

[0285] Using such an anisotropically scattering film 
10 4801 , it is possible to make a diffractive optical element 
4102 with scattering properties. Moreover, when taking 
divergent light or convergent light for the two light beams 
during the laser exposure, it is possible to change the 
widening angle of the light waves diffracted by the dif- 
15 fractive optical element. Using a diffractive optical ele- 
ment with this function, it is also easy to change the vis- 
ual field of the image display system. 



Embodiment D7 



20 



[0286] Fig. 31 illustrates how a diffractive optical film 
4901 manufactured in accordance with Embodiment D5 
or Embodiment D6 is retrofitted to a polarization modu- 
lation display 4902. The diffractive optical film 4901 can 
25 be made very thin at about 200 u. m thickness. It can be 
easily arranged in place of the polarization plate of a 
liquid crystal panel as mentioned in Embodiment D1 , 
and with this configuration, it can be used for a display 
combining polarization modulation and control of the 
30 display direction. 

[0287] Furthermore, controlling the scattering proper- 
ties and the widening angle forthe diffracted light by us- 
ing a manufacturing method as in Embodiment D5 or 
D6, it is possible to change the visual field in which the 
35 image can be seen. For example, using a diffractive op- 
tical film 4901 with scattering properties to configure an 
image display system as shown in Fig. 31 , it is possible 
to increase the viewing angle with the scattering prop- 
erties, and to use the image display system as a direct- 
40 view monitor in which images can be viewed from a wide 
range. 

Embodiment D8 

45 [0288] The following is an explanation of an example 
of forming a diffractive optical element by multiple expo- 
sure with light of the wavelengths for red (0.65 u. m) t 
green (0.55 u. m) and blue (0.45 u. m). 
[0289] The following is a description of a process for 
so manufacturing a diffractive optical element. First of all, 
a sample was made as in Embodiment B1 . This was 
placed in an optical system made of an Ar laser as in 
Embodiment B1 , and exposure was carried out on the 
bright portions of the interference fringes of green light 
55 (with 0.55|ajn wavelength). Then, the mirror angle was 
changed, and repeating this first step, exposure was 
carried out with red light (with 0.65 u. m wavelength). 
Similarly, interference fringes of blue light (with 0.45 u. 
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m wavelength) were produced and used for exposure. 
Then, a diffractive optical element with overlapping in- 
terference fringes was produced by carrying out a sec- 
ond step of irradiating uniform light on the diffractive op- 
tical element, as in Embodiment B1 . 5 
[0290] The resulting diffractive opticai element was 
used as the diffractive optical element 41 02 in the image 
display system of Embodiment D4 (see Fig, 28). When 
a color video signal was input to the polarization modu- 
lation element 4104, and the image was observed from 10 
the position of the observer 41 06, a clear image without 
problems such as color leakage or color mixing could 
be attained. Also when the position of the obser ver was 
shifted back and forth about 30cm, this did not degrade 
the image quality. 15 

Embodiment D9 

[0291] The following is an explanation of an example 
in which diffractive optical elements are layered that 20 
have been formed by exposure with tight of the wave- 
lengths for red (0.65 u, m), green (0.55 u. m) and blue 
(0.45 u. m). 

[0292] Exposure is carried out as in Embodiment B1 
while changing the angle of the mirrors guiding the laser 25 
light to the exposure position, in accordance with the 
wavelengths for red (0.65u.m), green (0.55u.m) and blue 
(0.45uxn) light, producing three diffractive optical ele- 
ments. Layering them on one another to form one set of 
diffractive optical elements, and using it as the diffractive 30 
optical element 41 02 in the image display system of Em- 
bodiment D4 (Fig. 28), a color video signal was fed to 
the polarization modulation element 4104. Viewing it 
from the position of the observer 4106, again, a bright 
image without such problems as color leakage or color 35 
mixing could be attained. Furthermore, the image qual- 
ity was not negatively affected when shifting the place 
of the observer for 30cm back and forth. 

Embodiment D1 0 40 

[0293] As shown in Fig. 32, a reflect! on -type image 
display system according to Embodiment D1 was used 
as the image display system 4912 of a portable infor- 
mation terminal device 491 1 such as a mobile phone or 45 
a mobile tool. A portable information terminal device 
491 1 as shown in Fig. 32 is mostly in personal use of a 
single observer 41 06. Therefore, it is preferable that the 
displayed image is efficiently displayed to the observer 
4106 only. so 
[0294] Consequently, a diffractive optical element 
was used, that did not have scattering properties but fo- 
cused light beams in a certain diffraction direction. With 
this configuration, the incidence angle of external light 
beams diffracted by the diffractive optical element and 55 
incident on the polarization modulation element is limit- 
ed by the diffractive properties. As a result, the display 
range of light beams reflected by the reflection plate, 



transmitted through the diffractive optical element and 
emitted as the displayed image is limited to a range of 
viewing angles that are substantially perpendicular to 
the screen. Consequently, when the observer 41 06 po- 
sitions his eyes in this region, the light beams enter the 
observer's eyes efficiently, and the observer can view a 
bright display image. 

[0295] An image display system according to Embod- 
iment D1 was actually built into the display portion of a 
mobile phone. Then, signal input was performed, and 
the visibility under room lighting was confirmed. When 
the screen was observed from a perpendicu lar direction , 
the information couid be displayed bright and cieariy, 
without flicker due to screen reflections or diminishing 
contrast. Furthermore, operating the input portion of the 
device while holding it in the hand, the image was dis- 
played efficiently in the direction of the eyes of the ob- 
server 41 06, and it was found that visibility and opera- 
bility were excellent. 

[0296] Thus, applying an image display system of the 
present invention to a portable information terminal de- 
vice, it was possible to attain the new effect of making 
the image easily viewable for an observer while enhanc- 
ing the operability of the portable information terminal 
device. 

Embodiment D11 

[0297] Fig. 33 shows a configuration example of an 
on-board head-up display configured using a transmis- 
sion-type image display system made according to Em- 
bodiment D2. As mentioned in Embodiment D2, using 
the diffractive optical element 41 02 of the present inven- 
tion, it is possible to devise a see-through display 4921 
with which it is possible to switch the display portion be- 
tween system display and outside view. 
[0298] Using this system as an on-board display sys- 
tem, it is possible to attain the following new functions. 
Because the display direction of the image can be con- 
trolled, it is possible to display the image information ef- 
ficiently limited to the observer position when the ob- 
server 41 06 sits in his seat, and to deviate light reflected 
from the surface from the display direction. Therefore, 
it is possible to provide a bright image. 
[0299] Moreover, the entire display portion is made of 
elements with high transmittivity including the diffractive 
optical element, so that when the observer shifts his po- 
sition from the display position of the diffractive optical 
element, the observer can easily view the outside scene 
through the screen . Therefore, the system's safety when 
used as an on-board system is excellent. 
[0300] Using an image display system of the present 
invention as a see-through display in an on-board head- 
up display in this manner makes it possible to achieve 
the effect of attaining a new device that combines ex- 
cellent display properties with high versatility can be at- 
tained. 
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Embodiment D12 

[0301] The following is an explanation of a polarized 
illumination system that can be used as a backlight of a 
liquid crystal display device. 5 
[0302] As shown in Fig. 34, this polarized illumination 2. 
system includes a light source 5001 , a diff ractive optical 
element 5002 provided on the side where light is emitted 
from the light source 5001 , a light-guiding plate 5003, a 
phase-retardation plate 5004 (A/4-plate) provided below 10 
the light-guiding plate 5003, and a reflection plate 5005. 
As the diffractive optical element 5002, a diffractive op- 
tical element according to Embodiment B1 is used for 
example. Of the light beams incident from the light 
source 5001, S-waves are transmitted, whereas P- is 
waves are diffracted obliquely downward. The S-waves 
are reflected by an oblique lateral portion of the light- 
guiding plate 5003 and emitted. The P-waves diffracted 
by the diffractive optical element 5002, on the other 
hand, pass through the phase-retardation plate 5004 20 
and are reflected by the reflection plate 5005, and by 3. 
passing through the light- retardation plate 5004 again, 
they are converted into P-waves and emitted. This 
means, an S-wave with aligned polarization is emitted 
from the upper surface of the light-guiding plate 5003. 25 
Thus, a bright image with high contrast can be attained 
by arranging a liquid crystal display element 5012 pro- 
vided with, for example, polarizers 501 1 and 501 3 above 
the light-guiding plate 5003, 

30 4. 

INDUSTRIAL APPLICABILITY 

[0303] With the present invention, a diffractive optical 
element with high polarization selectivity and diffraction 
efficiency can be attained by exposing a liquid crystal 35 
and a polymer precursor at a predetermined tempera- 
ture with two interfering beams of laser light. Further- 
more, a high polarization conversion efficiency can be 
attained by optimizing the pattern in which the light- 
source light is diffracted by the diffractive optical ele- 40 
ment. Thus, it becomes possible to devise polarized il- 
lumination systems and image display systems that can 
display bright images with high contrast, so that the 
present invention is advantageous in various fields of 
devices used for image display. 45 



Claims 

1 . A polarized illumination system, comprising: 50 
a light source; 

an integrator made of a first lens array and a 
second lens array; and 6. 
a plurality of diffractive optical elements includ- 55 
ing liquid crystal molecules aligned in a periodic 
structure; 

wherein the diffractive optical elements diffract 



light that is incident from the light source at an- 
gles that are symmetric with respect to the op- 
tical axis or to at least one plane including the 
optical axis. 

A polarized illumination system, comprising: 

a light source; 

an integrator made of a first lens array and a 
second lens array; and 

a first and a second diffractive optical element 
including liquid crystal molecules aligned in a 
periodic structure; 

wherein the diffractive optical elements are pro- 
vided with a periodic structure such that an an- 
gle at which the diffractive optical elements dif- 
fract light that is incident from the light source 
is smaller at a peripheral portion than at a cen- 
tral portion near the optical axis. 

The polarized illumination system according to 
Claim 2, wherein a diffraction angle 0 of the first dif- 
fractive optical element satisfies 9 ^ tan- 1 a/d, 
wherein "a" is the width of a light beam focused onto 
the diffractive optical elements by the integrator, 
and "d" is the spacing between the first and the sec- 
ond diffractive optical element in the propagation di- 
rection of the light. 

A polarized illumination system, comprising: 
a light source; 

an integrator made of a first lens array and a 
second lens array; and 

a diffractive optical element including liquid 
crystal molecules aligned in a periodic structure 
disposed between the first lens array and the 
second lens array; 

wherein the second lens array is made of a 
group of lenses, in which lenses whose aper- 
ture center matches with their curvature center 
are arranged in alternation with lenses whose 
aperture center is different from their curvature 
center. 

The polarized illumination system according to 
Claim 4, wherein light transmitted by the diffractive 
optical element enters the group of lenses whose 
aperture center matches with their curvature center 
and light diffracted by the diffractive optical element 
enters the group of lenses whose aperture center 
is different from their curvature center. 

A polarized illumination system, comprising: 

a light source; 

an integrator made of a first lens array and a 
second lens array; 
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a diffractive optical element including liquid 
crystal molecules aligned in a periodic struc- 
ture; and 

a phase plate made of a plurality of X/2 plates; 
wherein a surface area of the X/2 plates on the 5 
phase plates at a peripheral portion is smaller 
than at a center portion near the optical axis. 

7. The polarized illumination system according to 
Claim 6, wherein when a plurality of light beams fo- 10 
cused by the integrator enter the phase plate, a sur- 
face area of these light beams on the phase plate 

is substantially equal to a surface area of the X/2 
plates on the phase plates. 

15 

8. The polarized illumination system according to 
Claim 6, wherein the phase plate is formed by seal- 
ing a photocuring liquid crystal into a region that is 
sandwiched between transparent insulating sub- 
strates on which thin films have been formed that 20 
are made of a polymer that has been subjected to 

an alignment process by rubbing, and irradiating 
light through a mask. 

9. The polarized illumination system according to any 25 
of Claims 1,2,4 and 6, wherein the diffractive opti- 
cal element has the function to diffract those com- 
ponents of incident light that are polarized in one 
direction, and to substantially transmit those com- 
ponents of the incident light that are polarized in a 30 
direction substantially perpendicular thereto. 

10. The polarized illumination system according to any 
of Claims 1,2,4 and 6, wherein the diffractive opti- 
cal element has a structure, in which the direction 35 
of the optical axis of the liquid crystal molecules 
changes periodically. 

11. The polarized illumination system according to any 

of Claims 1,2,4 and 6, wherein the diffractive opti- 40 
cal element comprises a photopolymerization initi- 
ator and a pigment. 

12. The polarized illumination system according to any 

of Claims 1,2,4 and 6, wherein the diffractive opti- 45 
cal element comprises aligned liquid crystal mole- 
cules, wherein a photopolymerizing monomer or 
photocrosslinking liquid crystal polymer or oligomer 
is added, and the orientation of the director of the 
liquid crystal is fixed by irradiation of light of the UV so 
spectrum. 

13. A polarized illumination system, comprising: 

a light source; 55 
a diffractive optical element including liquid 
crystal molecules aligned in a periodic struc- 
ture; 



a reflection-type light valve; 
an optical projection system for magnifying and 
projecting optical images on the light valve; 
wherein the diffractive optical element reflects 
those components of light incident from the light 
source that are polarized in a first direction, 
wherein light components that are polarized 
substantially perpendicular to these polarized 
components of incident light are incident on the 
light valve, and light components polarized in 
the first direction reflected by the light valve are 
guided toward the optical projection system. 

14. A polarized illumination system, comprising: 

a light source; 

a diffractive optical element including liquid 
crystal molecules aligned in a periodic struc- 
ture; 

a reflection -type light valve; 
an optical projection system for magnifying and 
projecting optical images on the light valve; 
wherein the diffractive optical element reflects 
those components of light incident from the light 
source that are polarized in a first direction, 
wherein light components that are polarized 
substantially perpendicular to these polarized 
components of incident light are incident on the 
light valve, and light components polarized in 
the first direction reflected by the light valve are 
guided toward the optical projection system; 
wherein light beams from the light source are 
substantially separated by color into three light 
beams of the colors red, green and blue; and 
wherein a plurality of diffractive optical ele- 
ments having a periodic structure with different 
pitches associated with the three light beam 
have been combined. 

15. The polarized illumination system according to 
Claim 13 or 14, wherein the diffractive optical ele- 
ment has the function to diffract those components 
of incident light that are polarized in a first direction, 
and to substantially transmit those components that 
are substantially perpendicular to those polarized 
components of the incident light. 

16. The polarized illumination system according to 
Claim 13 or 14, wherein the diffractive optical ele- 
ment has a structure, in which the optical axis di- 
rection of the liquid crystal molecules changes pe- 
riodically. 

17. A method for manufacturing a diffractive optical el- 
ement, comprising: 

a first step of providing a liquid crystal and at 
least one of a homomer, an oligomer, and a pol- 
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ymer in a region sandwiched by transparent in- 
sulating substrates; irradiating light with a peri- 
odical intensity distribution on the transparent 
insulating substrates by interference of two la- 
ser beams; partially curing said at least one of 
a homomer, an oligomer, and a polymer; and 
a second step of aligning the liquid crystal mol- 
ecules with respectto the partially cured region. 

18. The method for manufacturing a diffractive optical 
element according to Claim 1 7, wherein the diffrac- 
tive optical element comprises a photopolymeriza- 
tion initiator and a pigment. 

19. A method for manufacturing a diffractive optical el- 
ement, comprising: 

a first step of forming an alignment-processed 
thin film made of a polymer on a transparent 
insulating substrate; aligning and then curing 
photo- or heat-curing liquid crystal molecules 
on the thin film; and 

a second step of forming a polymer thin film on 
the liquid crystal molecules and then forming 
photo- or heat-curing liquid crystal molecules 
such that they are aligned substantially perpen- 
dicular to the direction of the previously men- 
tioned liquid crystal molecules; 
wherein the first step and the second step are 
carried out a plurality of times. 

20. A method for manufacturing a diffractive optical el- 
ement, comprising: 

a plurality of steps of forming an alignment- 
processed thin film made of a polymer on a 
transparent insulating substrate; aligning and 
then curing photo- or heat-curing liquid crystal 
molecules on the thin film; 
wherein liquid crystal molecule layers with sub- 
stantially the same ordinary refractive index of 
the liquid crystal molecules and different ex- 
traordinary refractive index are layered in alter- 
nation. 

21 . The method for manufacturing a polarized illumina- 
tion system according to Claim 1 9 or 20, wherein 
the diffractive optical element comprises aligned liq- 
uid crystal molecules, wherein a photopolymerizing 
monomer or photocrosslinking liquid crystal poly- 
mer or oligomer is added, and wherein the orienta- 
tion of the director of the liquid crystal is fixed by 
irradiation of light of the UV spectrum. 

22. The method for manufacturing a polarized illumina- 
tion system according to Claim 19 or 20, wherein 
the step of curing the liquid crystal molecules is per- 
formed in an inert gas atmosphere. 



23. A method for manufacturing a diffractive optical el- 
ement, comprising: 

a first step of providing a liquid crystal and at 
5 least one of a homomer, an oligomer, and a pol- 

ymer in a region sandwiched by transparent in- 
sulating substrates; irradiating light with a peri- 
odical intensity distribution on the transparent 
insulating substrates by interference of two la- 
to ser beams; and partially curing said at least one 

of a homomer, an oligomer, and a polymer; and 
a second step of aligning the liquid crystal mol- 
ecules with respect to the partially cured region; 
wherein a temperature of the transparent insu- 
15 lating substrates during the irradiation is main- 

tained within a temperature range of substan- 
tially half the temperature at transition of the liq- 
uid crystal from nematic to isotropic (referred to 
in short as "N-l transition temperature" below) 
20 to a temperature approximately 1 0°C below the 

N-l transition temperature. 

24. A method for manufacturing a diffractive optical el- 
ement, comprising: 

25 

a first step of providing a liquid crystal and at 
least one of a homomer, an oligomer, and a pol- 
ymer in a region sandwiched by transparent in- 
sulating substrates on which thin films have 
30 been formed that are made of a polymer that 

has been subjected to an alignment process by 
rubbing; and irradiating light with a periodical 
intensity distribution on the transparent insulat- 
ing substrates by interference of two laser 
35 beams to partially cure said at least one of a 

homomer, an oligomer, and a polymer; and 
a second step of aligning the liquid crystal mol- 
ecules with respect to the partially cured region; 
wherein the alignment direction of the liquid 
40 crystal molecules substantially coincides with 

the rubbing direction of the polymer thin films. 

25. A method for manufacturing a diffractive optical el- 
ement, comprising: 

45 

a step of providing a liquid crystal and at least 
one of a homomer, an oligomer, and a polymer 
in a region sandwiched by transparent insulat- 
ing substrates; and irradiating light with an in- 
50 tensity that has a periodic structure with a pitch 

of about 1 |im to 1 0^im onto a predetermined re- 
gion on the transparent insulating substrates; 
and 

a step of irradiating light on a region enclosing 
55 said predetermined region. 

26. A method for manufacturing a diffractive optical el- 
ement, comprising: 
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a first step of providing a liquid crystal and at 
least one of a homomer, an oligomer, and a pol- 
ymer in a region sandwiched by transparent in- 
sulating substrates; irradiating light with a peri- 
odical intensity distribution on the transparent 
insulating substrates by interference of two la- 
ser beams; and partially curing said at least one 
of a homomer, an oligomer, and a polymer; 
a second step of aligning the liquid crystal mol- 
ecules with respectto the partially cured region; 
and 

a step of periodically forming phase plates on 
the transparent insulating substrate on the side 
that is opposite to the light irradiation side. 

27. The method for manufacturing a diffractive optical 
element according to Claim 26, wherein a pitch of 
the phase plates is not larger than about several 
dozen mm. 

28. The method for manufacturing a diffractive optical 
element according to any of Claims 23 to 26, where- 
in the diffractive optical element has the function to 
diffract those components of incident light that are 
polarized in a first direction, and to substantially 
transmit those components that are substantially 
perpendicular to those components of the incident 
light that are polarized in the first direction. 

29. The method for manufacturing a diffractive optical 
element according to any of Claims 23 to 26, where- 
in the diffractive optical element has a periodic 
structure that is oblique to the optical axis of the liq- 
uid crystal molecules. 

30. The method for manufacturing a diffractive optical 
element according to any of Claims 23 to 26, where- 
in the diffractive optical element comprises a pho- 
topolymerization initiator and a pigment. 



31. The method for manufacturing a diffractive optical 
element according to any of Claims 23 to 26, where- 
in the diffractive optical element comprises aligned 
liquid crystal molecules, wherein a photopolymeriz- 
ing monomer or photocrosslinking liquid crystal pol- 
ymer or oligomer is added, and wherein the orien- 
tation of the director of the liquid crystal is fixed by 
irradiation of light of the UV spectrum. 

32. A method for manufacturing a diffractive optical el- 
ement, combining at least two steps of any of 
Claims 23 to 26. 

33. An image display system comprising: 

a polarization modulation element; and 

a diffractive optical element including liquid 

crystal molecules aligned in a periodic struc- 
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20 



ture. 

34. The image display system according to Claim 33, 
further comprising a reflection plate. 

35. The image display system according to Claim 33, 
wherein the polarization modulation element com- 
prises a reflecting electrode. 

36. The image display system according to Claim 33, 
further comprising a phase- retardation film. 

37. The image display system according to Claim 33, 
wherein the phase- retardation film comprises a A/4 
plate, a polarizer, a scatter plate, or a polarization 
conversion film. 

38. The image display system according to Claim 33, 
further comprising 5 a color filter disposed on one 
side of the polarization modulation element. 
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39. A method for manufacturing a diffractive optical el- 
ement, comprising: 

a first step of providing a liquid crystal and at 
least one of a homomer, an oligomer, and a pol- 
ymer in a region sandwiched by transparent in- 
sulating substrates; irradiating light with a peri- 
odical intensity distribution on the transparent 
insulating substrates by interference of two la- 
ser beams; and partially curing said at least one 
of a homomer, an oligomer, and a polymer; and 
a second step of aligning the liquid crystal mol- 
ecules with respect to the partially cured region; 
wherein the insulating substrates on the light 
irradiation side and the opposite side are ar- 
ranged on a substrate that substantially ab- 
sorbs the laser light. 

40. A method for manufacturing a diffractive optical el- 
ement, comprising: 

a first step of providing a liquid crystal and at 
least one of a homomer, an oligomer, and a pol- 
ymer in a region sandwiched by transparent in- 
sulating substrates; irradiating light with a peri- 
odical intensity distribution on the transparent 
insulating substrates by interference of two la- 
ser beams; and partially curing said at least one 
of a homomer, an oligomer, and a polymer; and 
a second step of aligning the liquid crystal mol- 
ecules with respect to the partially cured region; 
wherein a film having anisotropic scattering 
properties, scattering light beams incident at 
angles from a predetermined range of inci- 
dence angles and substantially transmitting 
light beams that are incident at angles outside 
a predetermined range of incidence angles, is 
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arranged on the transparent insulating sub- 
strate on the irradiation side, and the transpar- 
ent insulating substrate on the opposite side is 
arranged on a substrate that substantially ab- 
sorbs the laser light. 

41. The method for manufacturing a diffractive optical 
element according to Claim 39 or 40, wherein the 
transparent insulating substrates are approximately 
several dozen to several hundred urn thick. 

42. The method for manufacturing a diffractive optical 
element according to Claim 39 or 40, wherein the 
laser light that is irradiated on the diffractive optical 
element includes converging light or diverging light. 

43. The method for manufacturing a diffractive optical 
element according to Claim 39 or 40, wherein the 
diffractive optical element has thef unction to diffract 
those components of incident light that are polar- 
ized in a first direction, and to substantially transmit 
those components that are substantially perpendic- 
ular to those components of the incident light that 
are polarized in the first direction. 

44. The method for manufacturing a diffractive optical 
element according to Claim 43, wherein the diffrac- 
tive optical element has a periodic structure that is 
oblique to the optical axis of the liquid crystal mol- 
ecules. 

45. The method for manufacturing a diffractive optical 
element according to Claim 30 or 40, wherein the 
diffractive optical element comprises aligned liquid 
crystal molecules, wherein a photopolymerizing 
monomer or photocrosslinking liquid crystal poly- 
mer or oligomer is added, and wherein the orienta- 
tion of the director of the liquid crystal is fixed by 
irradiation of light of the UV spectrum. 

46. The method for manufacturing a diffractive optical 
element according to Claim 39 or 40, wherein the 
diffractive optical element comprises a photopoly- 
merization initiator and a pigment. 

47. The method for manufacturing a diffractive optical 
element according to Claim 39 or 40, wherein the 
diffractive optical element includes a structure, in 
which a plurality of different periodic structures are 
formed in superposition. 

48. The method for manufacturing a diffractive optical 
element according to Claim 39 or 40, wherein the 
diffractive optica! element includes a layered struc- 
ture of a plurality of diffractive optical elements with 
different periodic structures. 

49. A portable information terminal device including an 



image display system according to Claim 33. 

50. A head-up display including an image display sys- 
tem according to Claim 33. 

5 

51. The image display system according to Claim 33, 
using a diffractive optical element made with the 
manufacturing method of Claim 39 or 40. 

10 52. A polarized illumination system, comprising: 

a light source; 

a diffractive optical element including liquid 
crystal molecules aligned in a periodic struc- 
15 ture; 

a phase plate; and 

a light-conducting plate. 

53. The polarized illumination system according to 
20 Claim 52, wherein the diffractive optical element 

has the function to diffract those components of in- 
cident light that are polarized in a first direction, and 
to substantially transmit those components that are 
substantially perpendicular to those components of 
25 the incident light that are polarized In the first direc- 
tion. 

54. The polarized illumination system according to 
Claim 52, wherein the diffractive optical element 

30 has a periodic structure that is oblique to the optical 
axis of the liquid crystal molecules. 

55. The polarized illumination system according to 
Claim 52, wherein the diffractive optical element 

35 comprises aligned liquid crystal molecules, wherein 
a photopolymerizing monomer or photocrosslinking 
liquid crystal polymer or oligomer is added, and 
wherein the orientation of the director of the liquid 
crystal is fixed by irradiation of light of the UV spec- 

40 trum. 

56. The polarized illumination system according to 
Claim 52, wherein the diffractive optical element 
comprises a photopolymerization initiator and a pig- 

45 ment. 

57. The polarized illumination system according to 
Claim 52, wherein the diffractive optical element in- 
cludes a structure, in which a plurality of different 

50 periodic structures are formed in superposition. 

58. The polarized illumination system according to 
Claim 52, wherein the diffractive optical element in- 
cludes a layered structure of a plurality of diffractive 

55 optical elements with different periodic structures. 

59. A method for manufacturing a diffractive optical el- 
ement, comprising: 
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providing a liquid crystal and at least one of a 
homomer, an oligomer, and a polymer in a re- 
gion sandwiched by transparent insulating sub- 
strates; 

first, irradiating light with a periodical intensity 5 
distribution through a mask that is partitioned 
into a plurality of regions on the transparent in- 
sulating substrates by interference of two laser 
beams; and 

then, irradiating uniform light through a mask 
having a pattern corresponding to an inversion 
of the previously mentioned mask. 

60. The method for manufacturing a diffractive optical 
element according to Claim 59, wherein the diffrac- 
tive optical element has the function to diffract those 
components of incident light that are polarized in a 
first direction, and to substantially transmit those 
components that are substantially perpendicular to 
those components of the incident light that are po- 
larized in the first direction. 

61. The method for manufacturing a diffractive optical 
element according to Claim 59, wherein the diffrac- 
tive optical element has a periodic structure that is 
oblique to the optical axis of the liquid crystal mol- 
ecules. 

62. The method for manufacturing a diffractive optical 
element according to Claim 59, wherein the diffrac- 30 
tive optical element comprises a photopolymeriza- 
tion initiator and a pigment. 

63. The method for manufacturing a diffractive optical 
element according to Claim 59, wherein the diffrac- 35 
tive optical element comprises aligned liquid crystal 
molecules, wherein a photopolymerizing monomer 

or photocrosslinking liquid crystal polymer or oli- 
gomer is added, and wherein the orientation of the 
director of the liquid crystal is fixed by irradiation of 40 
light of the UV spectrum. 

64. A diffractive optical element, made by 

a first step of providing a liquid crystal and at 45 
least one of a homomer, an oligomer, and a pol- 
ymer in a region sandwiched by transparent in- 
sulating substrates; irradiating light with a peri- 
odical intensity distribution on the transparent 
insulating substrates by interference of two la- so 
ser beams; and partially curing said at least one 
of a homomer, an oligomer, and a polymer; and 
a second step of aligning the liquid crystal mol- 
ecules with respect to the partially cured region . 

55 

65. The diffractive optical element according to Claim 
64, wherein the alignment direction of the liquid 
crystal molecules in the second step is substantially 



perpendicular to a wall of a portion that has been 
partially cured in the first step. 

66. The diffractive optical element according to Claim 
64, wherein the diffractive optical element has been 
formed while heating it to a predetermined temper- 
ature during the irradiation of the laser light onto the 
transparent insulating substrates. 

The diffractive optical element according to Claim 
66, wherein the predetermined temperature is with- 
in a temperature range of substantially half the tem- 
perature at the transition of the liquid crystal from 
nematic to isotropic (referred to in short as "N-l tran- 
sition temperature" below) to a temperature approx- 
imately 10°C below the N-l transition temperature. 

68. A polarized illumination system according to Claim 
1 , wherein the diffractive optical element is parti- 
tioned into four regions by two orthogonal lines 
through the optical axis, wherein those regions ar- 
ranged in opposition to one an other diffract light that 
is incident from the light source at angles that are 
symmetric with respect to a plane including the op- 
tical axis. 
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FIG. 13 



Temperature Characteristics of 
Diffraction Efficiency 
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FIG. 14 



(a) Angular Dependency of Liquid Crystal Hologram 
Diffraction Efficiency 
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FIG. 15 



Dependency of Contrast on Incidence Angle 




5 0 5 

Incidence Angle (° ) 



10 



BNSDOC1D: <EP 1146379A1 I > 



52 



EP 1 146 379 A1 




BNSDOCID: <EP 1146379A1 I > 



53 



EP1 146 379 A1 



FIG. 17 
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FIG. 19 



Intensity Distribution 
of Irradiated Light 
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FIG. 20 
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FIG. 24 
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FIG. 25 
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FIG. 26 
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FIG. 27 
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FIG. 28 
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FIG. 29 



Intensity Distribution of Irradiated Light 
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FIG. 30 
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FIG. 31 
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FIG. 32 
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FIG. 33 
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FIG. 35 
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